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Abstract 
An optical system based on a polarimetric sensor has been demonstrated to be 
successful for detecting matrix crack development during quasi-static loading when 
embedded in a cross-ply laminate. Unlike previous studies, the transparent nature of 
the coupons used here makes it possible to determine the time when cracks pass the 
sensor. Using this method, it has been possible to show a clear one-to-one 
relationship between a step-change of optical output and the time when the cracks pass 
the sensor. 
The response of polarimetric sensors of different configurations, both free and 
embedded in laminates, have been obtained. Experiments with sensors of different 
configurations embedded in cross-ply laminates show that these sensors could detect 
cracking in large composite structures. 
With regard to crack detection, there is a step-change in optical signal when a 
transverse crack passes the embedded sensor. Using band pass FFT filter techniques, it 
has been shown that the moment that cracks pass the sensor can be determined. This 
FFT filtering crack detection technique is likely to be useful in real time crack 
detection in engineering applications. 
Further experiments on detecting transverse cracks in double cross-ply laminates have 
shown that cracks can be detected both under quasi-static loading and four-point 
bending tests. However, one of the limitations of the sensor is that it cannot detect 
cracks that occur in the 90' ply not adjacent to the sensor. 
Attempts at modelling aspects of the behaviour of the embedded sensors have been 
made. Firstly, the values of the parameters which connect strain to phase change of the 
sensor have been obtained. Secondly, the optical response of embedded sensors has 
been analysed and the effect of twist on the sensitivity of embedded sensors have been 
I 
obtained. Thirdly, it has been shown that the interaction between the sensor and cracks 
that pass adjacent to the sensor would be expected to produce a decrease in the 
sensitivity of the sensors, which has been confirmed by the experimental evidence. 
However, the theoretical modelling has not been able to explain the change in intensity 
when a crack passed the sensor. 
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Chapter 1. Introduction 
There is a world-wide interest in materials research to incorporating intelligence into 
engineering materials, enabling them to sense the external stimuli and alter their 
properties to adapt to the changes in the environment. One example is the use of fibre 
optical sensors to detect damage in composite materials. Since composite materials 
are used in more and more complex structures, it is very important to develop a 
technology which can probe the internal integrity of a structure, especially for those 
structures that cannot be monitored by conventional methods. Optical sensors are a 
versatile technology and many types of sensors have potential application in many 
areas. In this area, some of the early work on damage detection concentrated on the 
losses induced in the optical fibre due to fibre failure or bending losses induced in an 
area of damage. More recent approaches have made use of a wide variety of sensors 
e. g. Bragg grating sensors, optical time domain reflectometry, optical coherence 
domain reflectometry, Michelson interferometric sensors and polarimetric sensors 
(Sirkis, 1993; Kwon, 1997; Tsuda, 1999; Murukeshan, 1999). Damage detection is 
crucial for safety and reliability of composite materials and it is of great importance 
for industries such as aerospace, marine and civil engineering. It has been widely 
recognised that fibre optic sensor technology is a non-destructive technology that can 
be used to monitor internal changes in composite structures. 
This work focuses on using a polarimetric optic sensor with Hi-Bi PANDA fibres to 
detect damage (transverse cracks) in a relatively simple cross-ply laminate. Compared 
to other types of fibre optic sensors available, the fibre optic polarimetric sensor 
(FOPS) has its own unique advantages. Such a sensor typically employs a single high- 
birefringence fibre for detection and provides information on the integrated strain 
over the sensing region. Thus a single sensor covering the area of interest can be used 
for global health monitoring. The polarimetric sensor is not only sensitive to the 
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measurands, but also can be designed to be insensitive to extemal stimuli (Gaumont et 
al, 1998; Araujo et al, 2001) and can be appropriately configured in order to ensure 
ease of installation and assembly. 
The aim of this project is to investigate the use of a fibre optic sensor (a polarimetric 
sensor) to detect initial cracking damage in a simple glass fibre reinforced laminate 
under load. Other types of damage (for example, cracks initiated around a circular 
hole in a cross-ply coupon, detection of cracks in four point bending) have also been 
considered. 
The structure of the thesis is as follows. A literature review in Chapter 2 is followed 
by a description of various background theories involved in the present study in 
Chapter 3. A description of the materials and experimental procedures, both optical 
and mechanical, is presented in Chapter 4. 
Chapter 5 deals with the general characteristics of the polarimetric sensor. The light 
path arrangement described in the experimental procedure in Chapter 4 is 
demonstrated to be well understood. Genuine optical fringes can only be obtained by 
bending the lead-out fibre properly and an optimisation of the bend diameter and number 
of loops of the lead-out fibre has been carried out. The polarization state of polarised 
light in the fibre core has been analysed and compared with the experimental results. 
In addition, the response of polarimetric sensors of different structures and different 
embedding conditions (free sensor, sensor embedded in unidirectional laminate, 
sensor embedded in cross-ply laminate) have been described here. Results on the 
application of the polarimetric sensor in fatigue tests, and the temperature response of 
the sensor, are also presented. 
In Chapter 6, results on different types of damage detection development (e. g. 
transverse cracks in cross-ply coupons with and without circular holes) are presented. 
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The experimental results show that there is a clear one to one relationship between the 
step-changes of the optical output and the instant that the cracks pass the sensor. 
In Chapter 7, a method employing FFT filter analysis is developed which shows that 
it would be possible to detect transverse cracks in a composite structure in real time 
using the polarimetric sensor. Further crack detection experiments are described in 
Chapter 8 using polarimetric sensors in double cross-ply coupons tested in tension and 
four-point bending tests. 
In Chapter 9, the results of experiments to determine the strain-optical parameters of 
the optical fibre utillsed in the present work are described and the sensitivity of a bare 
fibre polarimetric sensor made of the Hi-Bi PANDA fibre has been measured 
experimentally. 
These results are used in Chapter 10 where various theoretical considerations are 
presented. The sensitivities of embedded sensors, and the interaction between 
embedded sensors and cracks which pass the sensor in an adjacent ply, are discussed. 
For example, a model has been developed for the sensitivity of a polarimetric sensor 
embedded in a cross-ply laminate including the effect of the initial orientation of the 
optical axes of the sensor at the reference splice relative to the composite axes and the 
total twist angle of the sensor to the second splice. 
Finally, Chapter II summarises the conclusions of this thesis and presents suggestions 
for further work in this area. 
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2.1 Introduction 
This literature review provides the background of previous work on fibre optic 
sensors in materials, particularly with regard to damage and its detection. It will focus 
on two major areas: (a) detection of different types of damage in composite materials 
using fibre optic sensors; (b) background theory of polarimetric sensors and their 
application. Each of these areas is a large field in itself and the intention of this review 
is to provide an overview of these topics. 
2.2 Fibre optic sensor types 
Optical fibres are dielectric waveguiding devices used to confine and guide light. In 
the past few decades, the optical fibre as an information carrier in communication 
systems, has been fully developed. However, optical fibres can be more than mere 
signal carriers. Any disturbance of the fibre alters the characteristics of the guided 
light; such alterations can be monitored and related to the magnitude of the disturbing 
influence. This is the concept of fibre optic sensors first put forward by Butter and 
Hocker(I 978). 
The principal advantages which fibre optic sensors possess over conventional sensors 
are as follows: 
small size and low weight; 
immunity to electromagnetic interference (EMI); 
simultaneous sensing of more than one parameter; 
good corrosion resistance in a range of environments; 
high sensitivity-, 
" high fatigue life; 
" very wide operating temperature range; 
" non-conductive; 
4 
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0 fast response times. 
The major disadvantages associated with using fibre optic sensors are: 
it may be necessary to isolate the sensor from unwanted parameters, 
availability of optical sources; 
cost and availability of suitable instrumentation; 
Comparing the advantages with disadvantages, in many circumstances the advantages 
will outweigh the disadvantages. 
There are various types of sensors based on the modulation of different characteristics 
of light such as intensity, wavelength, phase or polarisation. For example, Figure 2.1, 
shows a variety of interferometric fibre optic sensors and associated applications. 
Interferometric Fibre Optic Sensors 
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Figure 2.1 A schematic diagram showing a variety of interferometric fibre optic 
sensors and associated applications (After Udd, 199 1). 
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In recent years, the research and development of fibre optic sensors has graduallý' 
moved from the laboratory to engineering applications. A number of different studies 
on bridges (Tennyson et al, 2001; George et al, 2001), aircraft (Guemes et al. 2001). 
space vehicles (Lunia et al, 2000), watercraft (Wang et al, 2001), industry robots 
(Fernandez et al, 2001; Garcia-Ramos et al, 2003), medical apparatus (Gunther et al. 
2001), and chemical composition (Zhang et al, 1999; Johnson et al, 2000; Lee et al, 
2002) have been documented. 
Of particular interest here are composite materials incorporating fibre optic sensors. 
Composite materials are designed so that they have better properties of weight, 
stiffness, strength, durability, etc. than traditional engineering materials. This design 
concept is passive, that is, the properties are not controllable in use. Optic fibre 
sensors, which act as a functional element within a composite material, have been 
developed since the 1980s. This type of composite material falls into the category of 
4C smart composites. " 
2.3 Damage detection with fibre optic sensors 
Damage monitoring with fibre optic sensors is of intense interest in the field of 
composite materials, though still at an early state of development. Since the 
geometrically small types of damage, such as matrix cracks and debonding, are often 
too small to be detected by quick inspections of composite materials, current design 
guidelines use design allowable limits so that composites are used in the range where 
these types of damage do not occur. However, damage tolerant design, which allows 
such types of damage, is very important to allow composites to be used under a wider 
range of strain, and hence real-time damage monitoring is an attractive method to 
assure the health of composite structures. Fibre optic sensors are potentially a very 
good way to monitor damage initiation and development. Essentially, they are of two 
types for damage detection: intensity-modulated sensors and interferometric sensors. 
2.3.1 Intensity modulated sensors 
Sensors based on the fracture of optical fibres are the simplest and cheapest sensors 
for daniage detection. Optical power loss indicates the damage initiation when the 
6 
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embedded optical fibres are broken due to the external strain (Hale, 1992). This 
sensing technique is not very sensitive and can only be regarded as the so-called 'final 
function' of fibre optic sensors. 
Micro-bend sensors also depend on optical power loss, this time caused by the local 
deformation of the optical fibres. For example, Bocherens et al (2000) embedded a 
network of multi-mode polyimide-coated fibres in a radome sandwich material. Based 
upon the hypothesis that an impact was able to induce a permanent local bend into the 
structure and thus on the optical fibre, a technique, optical time domain reflectometrv 
(OTDR), was used. In a basic optical time domain reflectometer, a laser diode 
launched very short optical pulses into the fibre under test. The light reflected back 
from the fibre to the optical time domain reflectometer was detected by a fast 
photodetector. The round trip delay time of the light was related to a specific location 
of the reflector/back scatter along the fibre. So, taking into account the value of the 
mean refractive index, distance measurement could be performed. A reference OTDR 
measurement was made before the impact tests in order to locate any potential defect 
due to fibre embedding or to composite cure. This state was compared to a second 
measurement signal after impact. The subtraction between these two signals (before 
and after the impact) allowed the detection and the accurate location of defects. 
However, there are some drawbacks of this technique: it does not deal with the 
detection of impacts in real time and it is only sensitive to permanent damage. 
Another application example of an OTDR is the detection of cracks by a 'zig-zag' 
sensor attached to the surface at the bottom of a concrete bridge deck (Leung, 2001). 
Before the formation of cracks, the backscattered signal vs. time followed a relatively 
smooth curve (the upper line in Figure 2.2a). In the straight portions of the fibre, the 
signal power reduced gradually due to optical absorption and scattering. In the curved 
portion (where the fibre changes in direction), bending loss might occur depending on 
the radius of curvature. When a crack opened in the structure, a fibre intersecting the 
crack at an angle other than 90' had to bend to stay continuous (Figure 2.2a, inset). 
The sudden bending of an optical fibre at the crack resulted in a sharp drop in the 
optical signal (Figure 2.2b, lower line). From the time values on the OTDR record 
corresponding to the sharp signal drops, the location of each crack in the structure 
could be deduced and from the magnitude of each drop, the crack opening could be 
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determined. The proposed technique does not require prior knowledge of the crack 
location. Moreover, a single fibre can be employed to detect and monitor a number of 
cracks. A good application of the sensor is in the monitoring of flexural cracks in 
bridges, which may form at arbitrary locations along the deck. However, there are still 
some shortcomings of this technology. Only cracks that pass the fibre can be detected. 
An internal crack within the structure that does not reach the surface cannot be found. 
(a) 
Signal in 
and out 
Fiber Bend to Stay Continuous 
Resulting in Signal Loss 
Crack opening 
(b) calculated from this signal drop 
SIGNAL 
Crack locatior 
deduced from 
-these values 
Signal drop due to 
change in fiber 
direction 
BEFORE 
CRACKING 
AFTER 
CRACKING 
ARRIVAL TIME 
Figure 2.2. Crack detection by OTDR technology, (from Leung, 2001). 
Other workers (Badcock and Fernando, 1995; Lee et al, 2001) utilised another type of 
intensity-based fibre optic sensor. They embedded, or surface mounted, two lengths of 
optical fibres with a reasonable gap between two cleaved ends. The output intensity 
changed when the gap changed due to strain in the host and hence damage could 
be 
detected. The whole system can be composed of inexpensive components and real- 
time monitoring, but the sensor is a "point" sensor and it cannot detect damage that 
has little effect on the distance between two cleaved fibre ends. 
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2.3.2 Interferometric sensors 
Interferometric sensors are usually more sensitive to strains than intensity modulated 
sensors and can be used to detect damage at a higher sensitivity. There are a large 
number of sensors based on interferometry: the Michelson interferometric sensors, the 
Fabry-Perot interferometric sensors, the Bragg grating sensors and the polarimetric 
sensors. The first three types of sensors have very high sensitivity to axial strain, and 
they can detect minor changes of stiffness of host material due to damage. The 
polarimetric sensors can detect damage because they have high transverse strain 
sensitivity. 
Kwon et al (1997) embedded a Michelson interferometric sensor in the 0' ply of a 
[904/041s cross-ply CF" laminate which was then tested in four-point bending to 
determine simultaneously the internal strain and failure points (for example, matrix 
cracks). When a single-mode optical fibre is deformed, the phase of light propagating 
in the optical fibre is shifted. The phase shift depends on the three dimensional strains 
in the optical core. In the case of homogeneous optical fibre, the optical phase shifts 
linearly with the longitudinal strain in the optical core. The experimental set-up is 
shown in Figure 2.3. A 2X2 coupler was used to launch the laser light into the sensing 
fibre and reference fibre. A piezo-electric transducer (PZT sensor) was bonded to the 
top surface of the laminate as a secondary crack detector and as a trigger so that the 
fibre optical signal during damage formation could be examined within the first few 
hundred milliseconds of crack formation. An electric strain gage was attached to the 
surface of the composite beam to compare the measured strain with the internal strain 
from the Michelson sensor. The signals from the strain gage, PZT and optical sensors 
were continuously acquired and stored in a PC. An example of the data is shown in 
Figure 2.4. Figure 2.4(a) shows top surface strain measured by an electrical strain 
gage and internal strain (the strain where the fibre optic sensor was embedded) 
obtained from fibre optical signal is shown in Figure 2.4(b). The sine wave variation 
of the output optical intensity with increasing strain was disrupted by the fori-nation of 
matrix cracks. The optical failure signal was obtained by discarding the sinusoidal 
wave due to static deformation using a digital filter (see Figure 2.4(c)). High pass 
filtering the optical signal showed that there was almost a one-to-one correlation 
betwee" the crack formation detected by the PZT sensor and by the filtered optical 
9 
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signal (see Figure 2.4(c) and 2-4(d)), although the detection of the cracking by the 
PZT sensor is, of course, another indirect technique. Though this technology can 
detect damage in real time, the reference fibre, required by interferometric sensors for 
practical purposes, makes the sensor physically larger and may limit the number of 
applications. 
Mýcro-translator 
( 
OFS Optical fiber sensor signal 
ESG Electric strain gage signal 
PZT Pimezo-ceramic sensor sýqnal 
Figure. 2.3 Experimental set-up from Kwon et al (1997) for simultaneous 
strain measurement and damage detection. 
Tsuda et al (1999) used a similar approach to that of Kwon and colleagues. In the 
work of Tsuda et al, a Michelson interferometric sensor was surface-mounted onto a 
unidirectionally reinforced CFRP laminate for damage monitoring and an acoustic 
emission (AE) sensor was used as a second method of damage detection. The 
laminate was subjected to a quasi-static tensile load parallel to the reinforcing fibres 
or to an impact test. The authors noted that the interference signal changed 
discontinuously when there was some kind of damage in the host material, such as 
matrix cracking and fibre breaking, which was detected by the AE sensor. By 
exan-iining the frequency component of the optical output, it was concluded that the 
10 
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high-frequency interference signal with high amplitude occurred when the monitored 
material was damaged. Using a high pass digital filter, the damage signal from the 
sensor was extracted and this signal with high intensity showed a good agreement 
with damage events detected using the AE method. 
EFPI (extrinsic Fabry-Perot interferometer) sensors are also used in damage detection 
(Levin et al, 1997; Chang et al, 1998; Hong et al, 2001). The sensor consists of a 
hollow glass tube capped over the end of a single mode input/output fibre, as shown 
in Figure 2.5(a). A gold coated fibre, placed inside the glass tube facing the single- 
mode fibre, functions as a Fresnel reflector and forms an air gap that acts as a low- 
finesse EFPI cavity. The first reflection at the glass-air interface acts as the reference 
reflection signal for the interferometer. The second reflection from the surface of the 
gold deposited mirror generates the sensing reflection signal. These two form an 
interferometer and the phase change of the optical output is proportional to the change 
of the air cavity length. In a similar way to Tusda et al (1999), Hong et al (2001) 
monitored the frequency change of the optical output. It was found that when impact 
or excessive loads were applied to the composite structure , if no 
damage happened, 
only a sensor signal below the frequency range of 20 kHz could be seen. However, for 
the case of structural failure, stress wave emission induced by matrix cracks or 
reinforcing fibre breakage could be observed in the 20 kHz-200 kHz frequency range. 
Hong et al (2001) embedded an EFPI sensor (see Figure 2.5(a)) into a cross-ply 
laminate and launched laser light from a laser diode source into it. Using some 
advanced signal processing tools, such as Short Time Fourier Transform (STFT) and 
Wavelet Transform (WT), a time-frequency analysis of the optical output was carried 
out to identify the moment of damage (see Figure 2.5(c) for matrix cracking detection 
and fibre breakage detection). In Figure 2.5(c), S shows the raw sensor signal, the 
details D15 D2 and D3 represent approximately 200 kHz, 100-200 kHz and I- 100 kHz 
signal range respectively. Damage information is shown in the DI -D3 high frequency 
components, especially in the D2 and D3 frequency range. Based on the experimental 
results, a frequency threshold of 25 kHz was set in the real-time failure detection 
system (see Figure 2.5(b)). This, it was claimed, was the first real-time damage 
detection system available for an engineering application. A serious disadvantage is 
that the sensor system is a localised one, which means cracks or damage cannot be far 
away for the EFPI sensor. 
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Figure 2.4 Experimental results using strain gages, fibre optic and PZT 
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The Bragg grating sensor, which is currently the subject of intense research. has also 
been used to detect damage in composite materials. A fibre Bragg grating is a periodic 
modulation of the index of refraction in the core of an optical fibre. The region 
containing the modulation, typically limited in length to a centimetre or less, acts as 
selective filter that passes all but a narrow band of light when illuminated by a 
broadband optical source. The centre wavelength of the reflected band, the Bragg 
wavelength, is determined by the periodicity of the modulation. Since axially 
stretching the fibre in the region of the modulation affects the periodicity, the fibre 
grating lends itself naturally to strain or temperature sensing as the Bragg wavelength 
shifts linearly with the applied axial strain. The Bragg grating sensor is one of the 
candidates for damage detection because they are very sensitive to non-uniform strain 
distribution along the entire length of the gratings as well. Yoji et al (2000) embedded 
an uncoated, small diameter Bragg grating sensor at the 0/90 interface of a cross-ply 
laminate to detect cracks developed in the 90' ply. The results showed that the 
occurrence of transverse cracks can be detected from the change in the form of the 
reflection spectrum, and that the spectrum width at the half maximum is a good 
parameter for the quantitative evaluation of the transverse crack density in real time. 
A model was developed which reproduced the measured spectrum very well. 
However, as indicated for the EFPI sensor, the Bragg grating sensor is a 'point' sensor, 
e. g. it only has a sensing length equivalent to its length which is normally 10 mm. 
A sensor with a much longer length capable of monitoring damage can be obtained 
employing a polarimetric sensor. Damage detection with polarimetric sensors will be 
discussed in section 2.4.4. 
2.4 Polarimetric sensors: background theory and applications 
2.4.1 Introduction 
Basically, the operation of polarimetric sensors falls into two categories. In the first, 
changes in a physical field alter the birefringence in the fibre core directly or 
indirectly (for example, a free sensor under thermal stress or an embedded sensor 
under strain). In the second, a physical field changes the polarisation state in the fibre 
directly (examples are electrical current sensors (Lee et al, 1998), or magnetic field 
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sensors (Rashleigh, 1981)). The polarimetric sensor used in these experiments falls 
into the first category. 
The basic structure of an optical fibre contains three parts: coating, cladding and core. 
The refractive index of the optical core is higher than that of the cladding so that the 
light launched into the core can be maintained within the core. The core and the 
cladding are usually made of silica glass and are very vulnerable. They are protected 
by the coating. A well-controlled state of polarisation of the light along the fibre path 
can be obtained by adding Stress Applying Parts (SAP) into the cladding of single 
mode fibres. Based on the stress applied to the core, the fibres are divided into Hi-Bi 
fibres and Lo-Bi fibres. In addition, the shape of the SAP determines whether the Hi- 
Bi fibres are classified as Bow-tie fibres, Panda fibres, side-pit fibres, etc. Figure 2.6 
shows a Panda fibre embedded in a cross-ply composite coupon. As a consequence of 
the bireffingence induced by the SAP, two orthogonal polarisation modes are 
produced in the fibre that propagate at different velocities. The phase shift between 
these two orthogonal polarisation modes can be easily influenced by the physical 
field. Hence, the external disturbance can be calculated from the optical output 
(Rashleigh, 1983). This is the basis of the polarimetric sensor. 
Iv, il, 
VA 
Figure 2.6 A cross-section image of a Panda fibre embedded in a cross-ply 
composite coupon (Barton, 2000). 
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Compared to other types of fibre optic sensors available, the fibre optic polarimetric 
sensor (FOPS) has its own unique advantages. Such a sensor typically employs a 
single high-birefringence fibre for detection and provides information on the 
integrated effect over the sensing region. Thus a single sensor covering the area of 
interest can be used for global health monitoring. Other advantages of FOPS are: 
I. Compared with 'point sensors', the Hi-Bi fibre is sensitive to perturbations over 
its entire length. So data from damage at various sites can be recorded. This 
gives a better indication of damage than conventional point-based sensors. 
They can be surface mounted or intemally embedded in the structures and no 
reference fibre is needed, hence, the polarimetric sensor can have minimum 
effect on the structures. 
I Compared with the Michelson or EFPI sensor, the polarimetric sensor has a 
simpler configuration. 
Polarimetric sensors also have some disadvantages: 
1. The sensitivity of a polarimetric sensor is about a factor of 100 lower than a 
standard interferometric sensor which is based on the change of light path 
(Hadj1procopiou et al, 1996). The reduced sensitivity of the sensor makes it less 
suitable for 'point' strain measurement. 
2. A number of external disturbances (like change of temperature) can change the 
birefringence inside the core and hence the polarimetric sensor can be prone to 
both transverse strain sensitivity error and thermal apparent strain error 
(Rashleigh, 1983). Sometimes this makes interpretation of the experimental 
results difficult; indeed, the sensor is often better suited to measuring transverse 
strains than axial strains due to its high transverse strain sensitivity. 
2.4.2 Configurations of polarimetric sensors 
The configuration of polarimetric sensors can be divided into two types: non-locallsed 
and localised. 
1 Non-localised polarimetric sensor 
16 
Chapter 2. Literature review, 
An example of a non-localised polarimetric sensor is shown in figure 2.7. Circularly 
polarised laser light (or lineally polarised light) is launched Into the core to excite the 
orthogonal modes of the fibre equally. External perturbation of interest (e. g., strain, 
temperature, pressure, etc. ) will change the bireffingence of the core and the phase 
difference of the two polarisation modes propagating inside the core. The light output 
from the fibre passes through a Polarisation Beam Splitter (PBS) that separates the 
output beam into two beams with orthogonal polarisation. The output powers 
(intensities) detected by the photodetectors are sine square functions of bireffingence. 
ýJ2 Load 
Al specimen 
fl 
- D3 
Bow-tic fiber 
I 
Figure 2.7 An example of experimental setup of non-localized polarimetric 
sensors (Ma et al. 2001). 
The advantage of this type of configuration is that the complicated splicing of the 
fibre is avoided. A disadvantage is that all of the fibre is subject to external 
disturbance, especially the lead-in point and lead-out point where the external field is 
not homogenous when the sensor is embedded. This may make understanding of the 
results problematic. 
2.4.2.2 Localised polarimetric sensor 
In the localised polarimetric strain sensor, a restricted region along a Hi-Bi fibre is 
made strain sensitive. The sensors can have two 45' splices (transmissive) or one 45' 
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splice and an end mirror (reflective), as shown in Figure 2.8. In Figure 2.8(a), linearlý' 
polarised light is launched into one axis of the fibre. At the first 45' splice. the 
incoming light splits and excites both modes equally. At the second 45' splice, the 
two modes rejoin and interfere with each other. In Figure 2.8(b), polarised light is 
reflected back from the mirror end and the gauge length is double the distance 
between the 45' fusion splice and the mirror end. In this configuration, only one 45' 
splice is need, but an optical coupler is also needed. By eliminating one of the modes 
with a polariser or bending the lead-out fibre (Varnham and Payne, 1984), fringes due 
to the external disturbance can be seen. 
ingence axes 
HiBi Fibre 
45' Splice Gauge Length 45' Splice 
I 
y 
H HiBi Fibre Mirrored end iBi Fibre 
45' Splice 
(b) 
Figure 2.8 Schematic diagram of localised polarimetric sensor. 
(a) transmissive and (b) reflective 
A practical experimental polarimetric sensor arrangement using the configuration 
shown in Figure 2.8(b) is shown in Figure 2.9. 
The localised polarimetric sensor incorporates 45' splices, which require special 
equipment to produce. The advantage of the configuration is that information over a 
desired length can be obtained. 
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Figure 2.9 Experimental setup of a localised polarimetric sensor, Lo et al (1995). 
2.4.3 Theoretical model for polarimetric sensors 
For all fibre optical sensors, including polarimetric sensors, analysis of the optical 
output from a fibre optic sensor involves one basic question: what is the sensor 
actually measuring? The answer to this question falls into two parts. 
The first part needs to relate the mechanical state in the host to that in the optical core. 
If the sensor is free or surface mounted, there is no complex interaction between the 
sensor and the host material and the answer is relatively straightforward. If the sensor 
is embedded into the host material with or without a coating, it is much more 
complicated. Some workers (Pak et al, 1992; Liu et al , 1993; Yuan et al, 1998) 
have 
tried to solve the problem. All the results show that the strain in the core is not the 
same as in the host. For example, Graham et al (2000) pointed out that sharp, narrow, 
strain 'spikes' due to structural imperfections in host materials (represented by 
R, - )are poorly transferred to the fibre sensor core (where the strain field is : 
... ( Z) 
represented by in Figure 2.10. A sensor in a generally orthotropic material 
presents an even greater degree of complexity. For this problem, Kollar and 
Steenkiste (1998) have developed closed form expressions that relate the strains 
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inside an orthotropic material to the strains inside the sensor based on elasticity 
theory. 
Ir II 
IT 
2R 2r 
cz in R, z) 
6, I 
z)w 
z 
Figure 2.10 Strain transfer from host to sensor, Graham et al (2000). 
The second part of the answer to the question about what sensors actually measure 
needs to relate the strain in the optical fibre to the physical quantity recorded, such as 
optical intensity. When the sensor is free or surface mounted, Butter and Hocker's 
model (1978) provides a solution to the problem. The strain in the optical fibre 
changes the refractive index of the fibre by the strain-optical effect. The change of 
refractive index (and light path) changes the relative phase of coherent light 
propagating inside the core. In an interferometric sensor, when the light in the sensing 
fibre interferes with the optical output from a reference fibre, fringes can be seen. As 
polarimetric sensors use high bireffingence fibres (or low bireffingence fibres) which 
have two orthogonal optical axes, the light in the two modes can be made to interfere 
with each other, so no reference fibre is needed. 
However, when polarimetric sensors are embedded in a host, there is a complex 
interaction between host and sensor. Sirkis et al (Sirkis, 1993; Sirkis and Lo et A 
1994) developed a phase- strain-temperature model for polarimetric sensors based on 
the assumption that a set of residual strains exist in the fibre core and that these strains 
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lead to a residual state of birefringence. The primary strain state (transferred from the 
host material) inside the core changes the refractive index via the strain-optical effect, 
thus changing the phase of light in the core. This model has been used successfully for 
a number of different cases (Barry and Huang, 1998; Lo et al, 1995). 
The model above does not consider the effect of shear around the core. Another 
model, by Calero et al (1994), describes the effect of shear force around the core. In 
this model, the birefringence axes of the core are not only determined by the host 
material properties, geometry and boundary conditions on the fibre, but also by the 
original birefringence properties of the fibre. When the optical birefringence axes are 
not aligned with the mechanical principal axes in the host, a shear strain will be 
present, causing the original birefringence axis to rotate. In their paper, Calero et al 
showed that Sirkis's model is one of the special cases when the optical axes and 
mechanical primary axis are aligned. However, the Calero et al model was developed 
for the special case when embedded sensors are under compression and no universal 
relationship between strain and optical output was given, as in the Sirkis' model. 
2.4.4 Applications of polarimetric sensors 
Polarimetric sensors can detect various physical fields, for example temperature 
(Rasmussen and Scholl, 1997), strain (Asundi et al, 1998) and pressure (Passy et al, 
1992; Norbert et al, 1998). The sensitivities of some types of Hi-Bi fibres are listed in 
Table 2.1 (Domanski et al, 1994). The sensitivities are expressed in terms of a phase 
shift per unit length of fibre, for either temperature or pressure. 
Table 2.1. Temperature and pressure sensitivities of HB fibres (Domansi et al, 1994) 
Andrew 
York HB Side hole Panda 3M HB 
E-type 
Wave length (nm) 820 820 820 633 633 
Temperature sensitivity 
-4.75 -0.97 -0.5 -5.23 -2.83 (rad/'C-m) 
Pressure sensitivity 
9.23 0.65 -34 9.5 4.8 rad/MPa-i-n) 
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For temperature measurements, Rasmussen and Scholl (1997) coiled a single-mode 
fibre on a cylindrical former with a hi 1 igh thermal expansion coeffic ent. The 
birefringence introduced by bending and stress was a function of temperature and a 
temperature change of 0.006 K could be detected using the sensor. 
When polarimetric sensors are employed to detect other physical fields, then-nal drift 
is unwanted and there are several methods to desensitise the polarimetric sensor to 
temperature. 
The first method is to introduce a reference fibre that is free of thermal disturbance, 
when it is practically possible. 
The second method is to build a novel configuration of sensor that is intrinsically 
temperature stable, as devised by Wong and Poole (1992). They introduced a new 
fibre structure which gives zero stress birefringence, by balancing the stresses 
generated in the core of an elliptical-core fibre with stresses generated by the 
inclusion of stress-applying sectors in the cladding. A temperature sensitivity as small 
as 0.0025 rad/'C/cm, over a range of 30'C-210'C, was obtained in this way. 
The third method is to introduce additional birefringence. Based on the Johns matrices 
formalism (Johns, 194 1), a simple temperature compensation can be introduced (Bock 
et al, 1989). An additional section of the Hi-Bi fibre is added so that the reference 
and sensing fibres should have the same length but their birefringence axes are 
crossed, i. e. the fast axis of the sensing section should be aligned with slow axis of the 
reference section. Provided that both sections are at the same temperature, the phase 
shift caused by the different velocity of light components in the modes of the 
reference section (caused by a temperature change) is compensated by an opposite 
phase shift in the sensing section. The structure of the sensor is shown in Figure 2.11. 
Experimental results without the reference section (solid diamonds) show the 
expected sinusoidal output with increasing temperature. When the reference section is 
added, the temperature sensltIvity Is reduced (open squares). 
The sensitivity of a polarimetric sensor under a diametrical load changes with the 
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relative angle between the load direction and the primary optical axes in the fibre (Lo 
and Sirkis, 1995). Even so, some other researchers have used polarimetric sensors to 
measure pressure. For example, Bock et al (1990) showed that polarimetric sensors 
could be used at depth in the sea to measure high hydrostatic pressure and Ansari et al 
(1995) used a polarimetric sensor to measure the magnitude of dynamic compressive 
loads. 
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Figure 2.11 Temperature compensation scheme of a polarimetric sensor in a 
reflective configuration and experiment results (Bock et al, 1989). 
Polarimetric sensors used to measure strain either surface mounted (Hadjlprocopiou et 
al, 1995) or embedded (Barry and Huang, 1998, Sirkis and Lo, 1994), can be traced 
back to Rashleigh (1983). Based on the change of strain sensitivity, Asundi et al 
(1996), MurLikeshan et al (2000), Ma et al (2001) have used polarimetric sensors for 
global health/dai-nage detection. They showed that by monitoring the sensor 
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sensitivity, it is possible to predict the amount of structural damage, as shown in Table 
2.2 (Asundi, 1998). In the table, the sensitivities of the sensor reduce with the 
introduction of delarninations and the extent of the delarninations. The change in 
sensitivity was attributed to the fact that there was a change in the properti 'es of 
composite material, such as flexural stiffness due to the presence of delam1nation. 
They also suggested that the change in sensitivity of the sensor could be related to the 
extent of the delamination, as shown in Table 2.3 (Murukeshan et al (1999)). The 
detection of delamination damage in this way demonstrates the feasibility of on-line 
health monitoring of composites using such a sensor, although the configuration of 
the sensor they used was a non-locallsed one and care needs to be taken in the 
interpretation of the results. 
Table 2.2. Sensitivities of different laminates with different specifications 
No Delamination Delamination in Specimen configuration delamination in one layer two layers 
10 layers CFRP 
0.25 0.214 
coated embedded fibre 
10 layers GFRP 
0.6 0.5 0.462 
coated embedded fibre 
10 layers GFRP 
0.795 0.625 
stripped embedded fibre 
Table 2.3 Effect of delarnination size on the load required to produce phase change of 7r 
Length of delarnination 
(mm) 
Load for phase 
change ofg (kg) 
% reduction in load 
0 37.3 0.00 
10 31.6 16.18 
20 29.2 22.55 
30 26.9 28.65 
Barton et al (2000,2001) attempted to detect the fatigue growth of transverse cracks 
igh transverse strain sensitivity of the in cross-ply laminates based on the hi I 
polarimetric sensor. Due to the transparent nature of the glass fibre reinforced 
laininate, it was possible to observe the propagation of the cracks and their interaction 
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with the sensor. When the cracks passed the sensor, a dramatic change of the optical 
output v,, as observed and with the aid of a Fast Fourier Transforin, which can be used 
to help to pick out signals within a particular frequency range, a connection Nvas made 
between signal changes and the growth of a crack passing the sensor. HoNvever. 
although a number of examples of this change in signal were found, insufficient data 
was collected to establish this technique for fatigue crack detection. In addition, the 
detection of cracks in quasi-static loading was not investigated and there was an 
incomplete understanding of the behaviour of the sensor. 
2.5 Conclusions 
Based on the literature review the following conclusions have been reached: 
Composite damage detection technology using fibre optic sensors has great 
engineering value and is the subject of intense research. The Michelson sensor, EFPI 
sensor, the Bragg grating sensor, the polarimetric sensor and some optical intensity 
modulated sensors, have all been used to detect damage in composite structures. 
Based on their ultra high sensitivity, the Michelson sensor, the EFPI sensor and the 
Bragg grating sensor can detect the minor stiffness changes or stress waves in the host 
structure caused by damage, as shown by the authors. However, as the Michelson 
sensor is a two-fibre interferometer, and the Bragg grating sensor and the EFPI sensor 
are 4point' sensors, these natural shortcomings may inhibit their practical applications. 
Compared with other types of fibre optic sensor, polarimetric sensors are less 
sensitive and are prone to transverse strain and thermal stress error, but they are 
simply configured and no reference fibres are needed. Most useful of all, the sensors 
are integrating sensors, and they can detect the external disturbances along the fibre or 
between the 450 splices, which means that the sensors have great potential to detect 
damage, such as transverse cracks, in composite structures, whether small or large. 
The aim of this thesis is to show that transverse cracks in composite laminates can be 
detected in tensile loading using a polarimetric sensor embedded at the 0/90 interface 
of a cross-ply laminate. This literature reN, iew has highlighted some important areas to 
study. it is necessary to provide a better understanding, both theoretically and 
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experimentally, of the behaviour of polarimetric sensors embedded in composite 
laminates so that the question of the interaction between the sensor and matrix 
cracking damage can be addressed. The literature review has also shown that it would 
be valuable to establish an unambiguous relationship between the occurrence of 
matrix cracks and changes in optical output and this can be achieved using transparent 
GFRP coupons. 
In the next chapter, various background theories relevant to the work in this thesis are 
presented, including polarimetric fibre optics, crack propagation in cross-ply 
laminates and the interaction between the embedded sensor and the host material. 
Chapter 3. Relevant background theories 
Chapter 3. Relevant Background Theories 
3.1 Introduction 
The topics in this chapter have been included to briefly introduce and review most of 
the background theory which is relevant to this work, specifically: polarisation optics, 
polarimetric sensors and matrix cracking in a cross-ply laminate. The descriptions 
included here are intended to provide a summary of the various topics mentioned, and 
not to cover all the theoretical background in detail. The full development of the 
theories can be found in the references to the source literature given in the course of 
this chapter. 
The first section, section 3.2, gives an overall introduction to fibre optic sensor. This 
is followed by an introduction to Hi-Bi fibre (Section 3.3) and a theoretical model of 
the polarimetric sensor (Section 3.4). The strain state around an embedded sensor is 
described in Section 3.5. Finally there is an introduction to matrix crack propagation 
in cross-ply laminates in section 3.6. 
3.2 An introduction to fibre optic sensors 
Fibre optic sensors are essentially a means whereby light guided within an optical 
fibre can be modified in response to an external physical, chemical, biological, 
biomedical or similar influence. Light from an optical source is launched into a fibre 
via a stable coupling mechanism and guided to the point at which the measurement is 
to take place. At this point either the light can be allowed to exit the fibre and be 
modulated in a separate zone before being re-launched into either the same or a 
different fibre - these are called extrinsic sensors - or the light can continue within the 
fibre and be modulated in response to the measurand whilst still being guided - these 
are known as intrinsic sensors. 
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The fact that the fibre itself can respond to an external influence immediatelý, 
indicates that the lead-in and lead-out optical fibre may also be accidentally 
responsive to external influences. This gives rise to the possibility for interference 
with the sensed signal along the fibre path. The need for lead (lead-in and lead-out) 
insensitivity and transmission line neutrality is an important prerequisite for a 
practical sensor. An optical sensor system must be carefully designed to meet this 
demand. 
The final detected output from fibre optic sensors is influenced by many parameters 
along the way and it is important to analysis how these arise. In general, the detected 
signal can be represented as follows (Dakin et al, 1988): 
Electrical output = SP *D* FT *M*Q* FR *S 
where SP represents the operations performed by signal processing within the 
detection electronics, D represents the signal generated by the photodetector in 
response to the optical input to the detector, FT represents the transmission function 
of the fibre linking the sensor to the detector, M represents the modulation function 
applied to the optical signal as it passes through the modulator, Q represents the 
quantity to be measured as interpreted through the modulation characteristics of the 
modulator, FR represents the transmission function of the fibre linking the source to 
the modulator and S represents the output from the source itself coupled to the fibre. 
Accordingly, the optical sensor system should have the following components: 
* modulators: the means by which light can be modulated in response to the 
physical measurands; 
+ optical sources for sensors; 
* optical signal detector system; 
+ the optical fibres that link different components of the system; 
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* fibre optic components such as lens, 1/4ý, plate, etc; 
a signal processing system. 
3.3 An introduction to the polarisation-maintaining fibre 
3.3.1 Polarlsation optics 
Light is a transverse electromagnetic wave but only cases where the electric field 
vector resides in a fixed plane are considered here. This plane is referred to as the 
plane of vibration and the light is said to be plane polarised or simply referred to as p- 
state light. The following section describes the superposition of the orthogonal plane 
polarised light waves of the same frequency. Consider two perpendicular harmonic 
optical fields given by: 
E., (z, t) = Eo, cos(kz - wt) 
E, (z, t) - Eo,,, cos(kz - cot + c) 
3.1 
where E is the electric amplitude vector, k is propagation number and o) is the angular 
frequency. The waves move in the positive z-direction and have a relative phase 
difference c. The plane of vibration of E, (z, t) corresponds to the xz-plane, while E,, (z, 
t) resides in the yz-plane. The resulting disturbance varies with c and is given by: 
E(73 
t) = E., (z, t) + E (z, t) 3.2 
In the specific instance when e=m-, 7r (m=O, ý±], ±2, ... 
), the resulting wave is linearly 
polarised light. When c=m-7r+7r12 (m=O, and Eo, =Eo,,, the resultant is 
ic demonstration of linearly circularly polarised light. A schemati and circularly 
polarised light is shown in Figure 3-1(a) and Figure 3-1(b). A more general 
superposition yields elliptical light where the endpoint of the field vector sweeps out 
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an ellipse as E changes in magnitude and direction. After some manipulation of the 
equations above to remove the explicit dependence on (kz-(ot), we get: 
), ' )' - 2( )(E. ' ) cose, =sin 2 EO 
v 
Eox EO 
v 
Eox 
, 
oZ 
f h) 
a Linear polarisation 
1 0, ' r, 
circular polarisation 
r. " 
alp- 
I 
c) Elliptical polarisation 
Figure 3.1 Some polarisation states of light (Hecht, 1975) 
3.3 
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This is the equation of an ellipse tilted at an angle a to the Eý, -axis, as shown in the 
Figure 3.1 (c). The value of a can be computed from the equation 
tan 2a - 
2EOxEov, 
%ý%Jou E2-E2 ox OY 
3.4 
This can only be true, however, if c is constant in time or at least , is changing only 
slowly in a time of the order of the response time of the detector. 
Control over the polarisation state of light can be affected by utilising the polarisation 
properties of crystals. Most crystals exhibit polarisation anisotropy, i. e. a different 
refractive index for different polarisation states. This is the result of different electron 
vibration frequencies in the molecules depending on the direction of light with respect 
to the crystal axes (Senior, 1992). 
3.3.2 Mode birefringence 
Single-mode fibres with nominal circular symmetry about the core axes allow the 
propagation of two nearly degenerate modes with orthogonal polarisations. They are 
therefore bimodal, supporting HE, I' and HE, ý modes where the principal axes x and 
y are determined by the symmetry elements of the fibre cross section. Thus the fibres 
behave as a bireffingence medium due to the difference in the effective refractive 
indices, and hence phase velocities, for these two orthogonally polarised modes. The 
modes therefore have different propagation constants )6, and 8y which are dictated by 
the anisotropy of the fibre cross section. When the fibre cross section is independent 
of the fibre length L in the z direction, then the modal bireffingence BFfor the fibre is 
given by: 
WX 
BF 
(27r 
3.5 
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where A is the optical wavelength, 8, and q,. are propagation constants of x and 1. axes 
respectively. Light polarised along one of the principal axes will retain its polarisation 
for all lengths of the fibre. 
If both modes in the fibre are excited by input polarised light, they will change in 
phase relative to each other as they propagate. The final phase difference between the 
two modes depends on the fibre length L in the z direction and is given by: 
(D(z) = (ß_, - ß)L 
assuming that the phase coherence of the two mode components is maintained. 
3.6 
The polarisation state in the core is generally elliptical and varies periodically along 
the fibre. This situation is illustrated in Figure 3.2 where the incident linear 
polarisation which is at 45' with respect to the x axis becomes circular polarisation at 
0=; TI2, and linear again at 0=; T. The process continues through another circular 
polarisation at 0=31TI2 before returning to the initial linear polarisation at 0=2; T. The 
characteristic length Lbcorresponding to this process is known as the beat length. It is 
given by: 
LB : ý-- 
A 3.7 
BF 
In fact, beat length LB can be derived from the following equation directly. 
(D(--) = IT - (, 
8, -, 6-,, )LB 
and LBcan be written as: 
3.8 
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L[3 = 
2; T 
- 
3.9 
The radially distributed intensity depends on the polarisation of the transmitted light. 
There is a series of bright and dark bands with a period corresponding to the beat 
length which can be seen from one side of the fibre by naked eyes, as shown in Figure 
3.2. 
1 
'E- /) 
+-T 
(I) - 
(1) ý ') ,- 
(h) 
Lj, 
Figure 3.2 An illustration of the beat length in a single mode optical fibre 
(Senior, 1992) 
(a) The polarisation states over the beat length within the fibre. 
(b) The light intensity distribution over the beat length within the fibre. 
3.3.3 Polarisation-maintaining fibres 
() 1) ,(, r%(ý 
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In practice, fibres cannot be made as perfect cylindrical structures so that various 
perturbations along the fibre length such as strain or variations in the fibre geometry 
and composition lead to coupling of energy from one polarisation to the other. These 
perturbations are difficult to eradicate as they may easily occur in the fibre 
manufacture and cabling. The energy transfer is at a maximum when the perturbations 
have a period A, corresponding to the beat length, and defined by: 
A=A 
BF 
3.10 
However, the cross polarizing effect may be minimized when the period of the 
perturbations is less than a cutoff period, A, (around I mm). Hence polarisation 
maintaining (PM) fibres may be designed by either: 
(a). the maximization of the modal biretringence, which may be achieved by reducing 
the beat length to around I mm or less (high birefringence); or 
(b). the minimisation of the polarisation coupling perturbations with a period of A 
(low birefringence). This may be achieved by increasing A, giving a large beat length 
of around 50m or more. 
Techniques have been developed to produce both high and low bireffingence fibres. 
Bireffingence occurs when the circular symmetry in single-mode fibres is broken 
which can result from the effect of geometrical shape or stress. Alternatively, to 
design low bireffingence fibres, it is necessary to reduce the possible perturbations 
within the fibre manufacture. 
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The various types of PM fibre, classified in terms of their linear polarisation 
maintenance, are shown in Figure 3.3. In addition, a selection of the most common 
structures is illustrated in Figure 3.4. 
In Figure 3.3, Hi-Bi fibres are separated into two types which are generally referred to 
as two-polarisation fibres and single-polarisation fibres. In the latter case, in order to 
allow only one polarisation mode to propagate through the fibre, a cutoff condition is 
imposed on the other mode by utilising the difference in bending loss between two 
polarisation modes. 
In Figure 3.4, (a) and (b) employ geometrical shape birefringence, whilst (c), (d), (e) 
and (f) utillse various stress effects. The residual bireffingence within conventional 
single-mode fibres can be compensated by twisting the fibre after manufacture to 
produce Lo-Bi fibre, as shown in 
Some characteristics of polarisation-maintaining fibres are shown below: 
Table 3.1: Characteristics of polarisation-maintaining fibres (Dakin, 1988) 
Polarisation- 
Modal Minimum loss 
holding Minimum loss 
Fibre type birefringence wavelength 
B (X 10-4) 
parameter (dB/km) Gtm) 
(X 10-6 /M) 
Elliptical 
4.0 10 2.5 1.3 
core 
Bow tie 4.8 1 <1 1.55 
PANDA 3.15 0.16 0.22 1.55 
3.4 The polarimetric sensor 
The polarimetric sensors used in the present study employ Hi-Bi fibres. The sensor 
utifises relative phase shift between two orthogonally polarised light in one Hi-Bi 
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Figure 3.3 Polarisation maintaining fibre types classified from linear 
polarisation maintenance view point. PM: polarisation maintaining; HB: high- 
birefringence; LB: low-birefringence; SP: single-polarisation; TP: two- 
polarisation; GE: geometrical effect; SE: stress effect. (Senior, 1992). 
Core Barrier 
(C) 
Outer 
(ladding, 
ýýD 
{(J 
I) 
Figure 3.4 Polarisation maintaining fibre structure (a) elliptical core; (b) 
side-pit fibre; (c) elliptical stress-cladding; (d) bow-tie stress regions; (e) 
c irc Lilar- stress regions (PANDA fibre); (f) flat fibre; (g) twisted fibre 
(Semor, 1992). 
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fibre and hence, avoid the need for the second reference fibre. The effect of external 
influence (e. g. strain, temperature, etc. ) on the sensor can be studied in two Nva-ý', s. For I 
example, external strain will introduce additional birefringence into the core and 
different birefringence can be simply added as vectors according to Rashleigh (1983). 
Sirkis et al (1993) built another model in which the strains inside the core are added 
first, and then the effect of the modified strain on the birefringence is considered. The 
latter model is adopted here because it is relatively well established. 
3.4.1 Visibility of optical fringes 
In polarimetric sensors, the optical core of the Hi-Bi fibre transmits orthogonally 
polarised components of light with different velocities. A change of strain state in the 
host material will affect the strain state in the fibre core and hence the relative phase 
of the orthogonally polarised optical signals. The interference of these signals results 
in a dynamic change in the output signal, which can be used for damage detection. A 
schematic diagram of the polarimetric sensor used in the present study is shown in 
Figure 3.5. 
45' splice 
B 
45' splice 
C D A 
I=I 
I 
io 
2 
io 
IE 
Cos' 
Ao 
2 
I sin' 
Ao 
02 
Figure 3.5 A schematic diagram for a polarimetric sensor. 
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As shown in Section 2.4.2, there are several ways to manufacture polarimetric sensors. 
The configuration adopted here has some advantages over other structures: the gauge 
length of the sensor, or the length of fibre that is sensitive to external disturbance, can 
be selected. This will be discussed later in Chapter 6. 
For the sensor in Figure 3.5, linearly polarised laser light of 633 nm wavelength is 
launched into one of the axes of the PANDA fibre at point A. The splices at point B 
and C provide the localisation of the sensor and are achieved by rotating the axes of 
the fibre through 45' relative to the orientation in the lead-in/out sections of the 
optical fibre, lengths 4B and CD, respectively. As both polarised modes are present in 
the fibre length BC, they will recombine and interfere when they pass through a 
similar 45' splice at point C. The fibre length that lies between points B and C is 
called the gauge length of the fibre. There are thus two interference phenomena in 
each of the two axes of the Hi-Bi fibre at point C. If the optical intensity was 
measured at a point between C and D, before the bending of lead-out fibre at point D, 
no interference fringes can be recorded. This is determined by the principle of energy 
conversation. No energy is lost between point A and C if the light attenuation due to 
the optical fibre and joint loss due to splices are ignored. A polarisation insensitive 
detector can only record the intensity from a laser source under this condition. Fringes 
can only be recorded if the two modes in the fibre are separated by a polarisation 
splitter (as shown in Figure 2.7(a)), an analyser or if one of the two modes is removed 
by bending (coiling) the fibre at point D. In the present study, the lead-out fibre is 
bent with an appropriate bend radius and a required number of loops to eliminate one 
of the two modes. This is very simple, no expensive polarisation splitter crystal or 
complicated adjustment of light path is needed. Most importantly, clear fringes 
(which will be shown in Chapter 5) can be obtained in this way. 
This method of using a coiled length of fibre to eliminate the light from one axis of 
the lead-out fibre works as follows (Varnham, 1984; Simpson, 1983). Suppose one of 
the polarised states, the x-mode, propagates in the core along the x-axis with a 
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effective index n, ore and the other, the y-mode, has an associated effective index of 
II-), c oi -e, where n, ore-ý' ni, ol, Both modes may exist in the fibre if their refractive indices 
are higher than that of the cladding, i. e. nx, ycore> nx, ycladd(see Figure 3.6(a)). The fibre 
bend introduces additional stresses and alters the effective indices nx, ycoreand nx. ycladding- 
By an adequate combination of the bend diameter and the number of loops, the 
effective index of one mode in the core becomes equal to the effective index in the 
cladding, i. e. nycore* = n, cladding* (Figure 3.6(b)). For this case, one of the modes in the 
core will escape from the core to the cladding and will not propagate along the fibre. 
Thus, when the fibre is bent, a differential bend loss occurs that can be enhanced by a 
judicious choice of the bend radius and the operation wavelength to give a large 
polarisation extinction ratio. However, bending the fibre also produces a small 
transfer of power from one mode to the other mode (mode coupling). By choosing a 
larger loop diameter and increasing the number of loops, the polarisation that is 
dominated by the attenuation of one of the modes in the core, not by the polarisation 
cross coupling, can be realised. 
nn AIL x 
n core 
nxcore* 
nycore 
nx cladd ny core nx cladd 
nycladd nycladd L 
Distance from the centre of the fibre 
(a) (b) 
Figure 3.6 Effective indices in the core and the cladding of an optical 
fibre (Barton, 2000) 
(a) Before bending of the fibre; (b) After bending of the fibre. 
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With regard to strain measurements, an applied strain will change the bIrefringence 
and the two optical path lengths within the sensor gauge length BC, thus changing the 
relative phase of the two polarisation modes in the fibre. The splice at point B excites 
both modes in the fibre length BC, so each mode in the fibre is analogous to the case 
of two-beam interferometry. When the splice at point B is 45', the light intensities in 
the x- mode and y-mode between fibre length BC are: 
I 
io 
3.11 
where I, Iy and 10 are light intensities in x mode, y mode and the initial input light 
intensity. 
At point C, the fibre is rotated 45' and the light in both modes will resplit. Because 
the light in both modes originated from the same linearly polarised light and have a 
relative phase difference, Aýq, they will interfere with each other at point C and the 
light intensity in the x and y mode in the fibre length CD is: 
ICD =It 
I101010 
-V x+I. 11 + 
2VI 11 ý11 cosAýq =41+41+21 cosAýq 
Io Cos 
2 ýý ý9 
2 
CD III113.12 
11 = 
I, + Il, +2 1 cos(Aýq + ; T) = Io + 10 + Io cos(Aq + /T) 442 
= Io Cos 2(Aýq + 
;T 
22 
= Io sin 
2 
Aý9 
2 
When one of the modes is removed by bending, as discussed above, fringes due to the 
change of relative phase difference in the sensor gauge length can be obtained. 
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Introducing 45' splices at point B and C is a special case. In a more general situation, 
the light intensity in the x and y modes in the fibre length CD can be written as (Bom. 
1970): 
Ix, 
Y = 
Io 
[I + V,, s cos(Aý9)] 2 
3.13 
where I is the sensor output power, Io is the initially launched light intensity, A(p is the 
Or 
relative phase difference between the two polarisation modes and VvjS is the visibi ity 
of the light modulation. The depth of modulation, or visibility of the observed 
polarimetric response, is limited by the accuracy of the orientations of the fibres in the 
splices and can vary from zero to unity. The visibility, VvIs, is given by 
VvIS = max 
- mm 
, 
max 
+ 
min 
sin 2a sin 15 
I+ cos 2a cos 2(5 
3.14 
where a and (5 are the angles in the splices at point B and C with respect to the fibre 
axes, and y represents the correlation function between the polarisation modes. This is 
a function of the length of the fibre, the polarisation dispersion of the fibre and the 
spectral half-width of the source. The interfering waves in this case are the 
polarisation modes. Figure 3.7 shows the optical output of the polarimetric sensor 
(equation 3.14), with the visibility for three different splicing angles such as: 
a=(5=70', a=(5=60'and a=(5=45' So maximum visibility is obtained for a=(5=45', 
for which Vrjs = y. In the absence of mode coupling between the two polarisation 
states, and if a monochromatic source is used, then y=I and, therefore the visibility 
V, 7, ý equals unity. In this case, equation 3.13 is 
identical to equation 3.12. 
In the discussions below, a phase shift of 2; Tis referred to as a fringe and the number 
of fringes is determined by the strain state around the sensor. By observing and 
monitoring the number of fringes, the strain in host structures can be 
detennined. 
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Figure 3.7 Polarimetric sensor output response for different splice angles, 
(Born, 1970). 
3.4.2 Strain sensitivity of a polarimetric sensor 
The relationship between optical output fringes, or optical phase change, Ay, and the 
applied three-dimensional strain for a polarimetric sensor was introduced In the 
phase-strain model of Sirkis and Lo (1994). They assumed that a fictitious set of 
residual strains exist in the fibre core and that these strains lead to a residual state of 
bireffingence which is independent of the original bireffingence state inside the core. 
The general equation for the phase retardation, (p, as a function of strain is given by 
(Sirkis, 1993): 
r = 
-i-- 
Jn(i)(1 + sii)dL 3.15 
where ýq is the phase retardation at a given strain, ;, is the wavelength of light used, 
is the refractive index as a function of strain in the core, cil is the fibre strain in 
4 
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the direction along the fibre and L is the gauge length. Assume for the moment that 
the optical fibre was used to fabricate the sensor has two distinct optical axes with 
different indices, and that these different refractive indices are made different solely 
by a manufacturing induced residue strain state. Under these assumptions, the total 
phase retardation experienced by the light components propagation along the fast and 
slow optical axes is described by: 
= 
2/T 
+, r)(I + cl I)dL ý92 Af 
L 
21 
n' +sij)(1+ell)dL 93 :::::::: 3( "2 ii 
lý f L 
3.16 
where cý" is the residual strain induced during manufacture of the optical fibre. ý92 and 
ýo3 are phase retardation in the x and y mode in the core, which are designated as 2 and 
3 in the following discussion. 
The phase retardation due to the residual strain state only in the fast and slow axes is: 
2; T 
(P02 2(c')dL 
(P03 
2 
113(ci'i)dL 
3.17 
So the phase retardation difference between the residual strain state and the external 
load induced strain field is given by: 
cl I)dL -f '")dL) 'ýk ý9 2 
f"2 
(6ii 
ii L 
112 
L 
2; T rr )dL) LW3 
f 
113 (cii +6 ii I I)dL -I n3 Cii 
L 
Hence the phase difference of the light in the fast and slow axes is 
3.18 
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+n ý9 3 --::: 3 ('cij+ c")](I + el 1) -B fldL) 3.19 2 
(cij 
u 
where B- n2( n3(Clij' )is the modal birefringence specified by a fibre 
manufacturer. The refractive indices as a function of strain can be obtained from a 
standard strain optic relation (Sirkis, 1994) where the refractive indices are related to 
the total strain in the core of the fibre (which is a linear combination of the externally 
applied and residual strains) by strain optic coefficients, Pij. 
llnl' -11no' P11 P12 P12 000 611+611" 
22 1/ n2 - l1no p 
IP12 
11 
P12 000 r 
[622 
+ 4622 
n3' nO' P12 P12 P11 
000x C33 
+ 
833" 
3.20 
22r I/ n4 - l1no 000 
P4 
400 4644+ 4644 
1/ n5 
2- 
l1no 
20000 P4 40 4655 + 
C55 r 
I/ n6 
2- 
l1no 
200000 
P44 
4666 + 4666" 
Here no is the refractive index of non-strained silica and n, to n6 are the refractive 
indices as a function of strain in the core of the fibre. The linearised equations for the 
refractive indices can be found by expanding 
IM22 and IM32 in the above matrix in a 
Taylor series about cij' and neglecting the higher order tenns (Sirkis, 1993). 
11 + n"[1 -I (n 
r)2 
II 'c22 
+p 
2 
('cy 
222 
(P12'cl 
I+p 12'c33 
3.21 
11 + n"[1 -I (n'-)'(pl2C, I+ 
P12622 + PI 
I'C331 3 
('Cij 
323 
The final form of the phase-strain model for a polarimetric sensor is found by 
substituting Equations 3.21 into Equation 3.19: 
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Aýq = 
IT 
[Klcll +K2c22+ K3C33 IdL 3.22 
AI 
where A(p is the relative phase change between two polarisation modes caused by 
three-dimensional strain; A is the wavelength of light in vacuum; ell, -2-, andC33 are 
the three normal strains; L is the gauge length of the sensor; KI, Ký, and K3 are 
dimensionless coefficients which determine the contribution of each component of the 
normal strains to Aýq, and 
K, =B+ 
I 
[(n r3- (n r3 32) lp 
2 
12 
)3 )3p K [(n " -(n" 11] 223 
PI 
22 
KI [(n ")'P, (n " )3 3232 P12 
3.23 
Equation 3.22 shows that the polarimetric sensor response is totally deten-nined by the 
strain state around the core. External effects, such as load, thermal effect or impact 
will induce additional strain into the core, hence optical fringes reflecting the external 
influence can be obtained. 
The residual refractive indices, n2r and n3r required are difficult to individually 
determine. However by a uni-axial tension and a diametrical compression test, the K 
values can be experimentally determined. The K values for some Hi-Bi fibres are 
shown in the following table (Sirkis, 1994). 
Table 3.2 Model parameters for Bow-Tie, E-core and Lo-Bi fibres 
KI K2 K3 
Bow-Tie -0.197 -0.714 -0.618 
E-Core -0.223 -0.722 -0.730 
Lo-Bi -0.233 -0.771 -0.771 
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It is interesting to find that for all of the fibres, K2 and K3 values are about 3 or 4 times 
bigger than that of Ki. This means that the polarimetric sensor is much more sensitive 
to transverse strain than to longitudinal strain. Hence it is likely to be possible to 
detect the passing cracks in a cross-ply laminate which will induce large lateral strain 
changes around the sensor. 
3.5 Interaction between polarimetric sensors and host materials 
In the model discussed above, cii, 6ý2 and C33 are three normal strains in the optical 
fibre core. It is important to note that the strains in the core and strains in the host 
material are different. The diameters of embedded optical fibres are about 15 times 
larger than that of the reinforcing glass fibre. If the host material, e. g. the glass fibre 
reinforced composite, is taken to be homogeneous, the optical fibre is a large 
inclusion with a higher elastic modulus than the surrounding material. Such a large 
inclusion will change the local strain state significantly and cannot be neglected. 
Researchers have explored this interaction in several different ways (Sirkis, 1993; 
Kim, 1993; Kollar et al, 1998). Some specific elasticity solutions for cylindrical 
inclusions (optical fibres) embedded in transversely isotropic host are described by 
Sirkis (1993). 
The strain states in the fibre core for the cases shown in Figure 3.8 can be found by 
following the standard theory of elasticity solution methods for transversely isotropic 
hosts of infinite extent with circular isotropic elastic inclusions (optical sensors). The 
continuity of radial stresses and displacements are enforced at the fibre-host interface. 
The axial strain in the fibre is taken to be equal to the corresponding strain component 
in the host following the plain strain assumption. For brevity, the strain states are 
simply listed here. 
In case (a): 
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Figure 3.8 Optical fibre embedded in a transversely isotropic laminate subjected to 
(a) longitudinal tensile loading and (b) transverse tensile loading (Sirkis, 1993). 
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C2 0 CII(C-12 + C23) 12 
Cl 
2 
(C23 
- 
C22 Af (C23 + C22 
c 
. 11 
-- C2 ] 
(70 
[2(/If + Gf ) -(C23 - 
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3.24 
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c2 
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3.27 
where Ej (i = 1,2 and 3) is the Young's modulus of the host, vij (i = 1,2,3, j = 1,2,3) is 
the Poisson's ratio of the host. Subtitle Iý2 and 3 correspond to the z, x and y axes in 
Figure 3.8. ýf and qf are lame constants for the fibre. This model is used later in the 
analysis of the response of polarimetric sensors embedded in unidirectional coupons. 
3.6 Matrix cracks in cross-ply GFRP laminates 
The main aim of the present study is to detect damage in a cross-ply laminate with an 
embedded polarimetric sensor. However, it is first necessary to understand the 
behaviour of this type of damage. 
Laminated composites are typically produced from a combination of unidirectional 
layers, so that properties such as laminate stiffness depend on the orientation of 
adjacent plies. For undamaged composite laminates, laminated plate theory (LPT) or 
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approximate Rule-of-mixture expressions can be used to predict the laminate stiffness 
from those of the individual layers. Under mechanical loading, matrix cracking is the 
predominant mechanism in the initial stage of degradation of cross-ply composite 
laminates. The matrix crack density increases as a consequence of increasing applied 
strain or an increasing number of fatigue cycles, with a consequent change in such 
laminate properties such as Young's modulus, Poisson's ratio and the residual strain 
after unloading (Garret et al, 1977; Boniface, 1997; Crocker et al, 1997, Bassam, 
1998). 
When a crack propagates across the whole width of a coupon, residual then-nal strains 
around the crack are released, and the compliance of the coupon will also increase due 
to the development of the crack. A detailed theoretical background is presented below. 
The majority of continuous fibre polymer matrix composite laminates are cured at 
elevated temperatures. Cooling to room temperature produces a balanced system of 
curing stresses on a macroscale between the layers of a laminate. The magnitudes of 
the macroscopic curing stresses generated in the different layers of a laminate depend 
upon the laminate elastic moduli and coefficients of thermal expansion. Any damage 
which locally reduces the balanced macroscopic curing stresses, or releases stored 
elastic energy can lead to a change in laminate dimensions. 
The geometry of a 0/90 cross-ply laminate is defined in Figure 3.9. The laminate has a 
central 900 ply of thickness 2d on either side of which is a longitudinal ply of 
thickness b. The laminate has a width W. The plies have moduli E, and E, parallel and 
perpendicular to the fibres respectively and a transverse shear modulus GT. For the 
uncracked laminate the Role- o f-Mixtures expression for the modulus parallel to the 
loading direction is: 
Eo = (bEl + dE., ) 1(b + d) 3.28 
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To analyse the stress distribution in a laminate where the transverse ply is cracked, a 
shear-lag model is widely used (Garrett and Bailey, 1978; Ogin et al, 1985; Boniface 
et al, 1991). In this approach, load is shed back into the transverse ply from the 
longitudinal ply by shear of the transverse ply. The longitudinal displacement profile 
across the transverse ply is assumed to be parabolic and the longitudinal displacement 
across the longitudinal ply is assumed to be constant. 
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Figure 3.9 Geometry of a cross-ply laminate containing an array of cracks with a 
spacing of 2s apart. The origin of the coordinates (y = 0) is midway between the 
cracks. 
Using a x-y co-ordinate system with its origin at the middle of the transverse ply 
midway between two cracks spaced 2s (see Figure 3.9), then the longitudinal stresses 
'es are given by a, and u2respectively, where in the longitudinal and transverse pli I 
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+dd (a 
EI 
+a 
T )(I 
_cosh(/Iy) bb Eo cosh(/Is) 
a (u 
E2 
+aT cosh(/Iy) 
Eo cosh(ýs) 
and o, -Tis the residual thermal stress in the laminate ply. 
The variation of shear stress in the transverse ply is described by: 
,c ýx (a 
E2 
+ 07 
T) sinh(/Iy) 
Eo cosh(/Is) 
3.29 
3.30 
The shear stress in the longitudinal plies is assumed to be zero. In equation 3.30, o7 
and o7 are the stresses applied to the laminate and the thermal residual stress in the 
transverse ply respectively, this thermal stress arises from the mismatch in 
coefficients of thermal expansion of the 0' and 90' plies during cooling. The thermal 
stress can be determined using a simple force balance approach, where (Bailey et al, 
1979): 
T bEIE2AaAT 07 =-3.31 bEl +dE2 
The quantity of ý, is given by : 
A2 
= 
aG'- (b + d)Eo 3.32 
d2 bE I E, ) 
Usually a is taken to be 3 (assuming a parabolic variation of the longitudinal 
displacements in the transverse ply), but it can vary and depend on the assumptions 
51 
Chapter 3. Relevant background theories 
about the displacements in the transverse ply and GTis the transverse shear modulus 
of the laminate. 
Equations 3.29 can be used to deduce an expression for the reduced modulus (and 
hence increased compliance) of a cross-ply laminate between two cracks, spaced 2s 
apart. This is found by writing an expression for the mean strain, 6- 
dy 
sf EI . 
3.33 
where E is the reduced modulus. By substituting cT, from equation 3.29, integrating 
and rearranging, equation 3.33 becomes: 
Eo 
I+I 
dE2 
tanh(ýs) 
As bEl 
3.34 
When the cracks occur during mechanical loading, the length of the laminate will 
increase a small amount as a consequence of the reduction in the elastic modulus. 
Hence, there are two contributions to the laminate dimensional changes: there is an 
extension as a result of the increased compliance of the system and there is an 
extension associated with the relaxation of the residual thermal stress. 
As shown in Figure 3.10, before the formation of crack C, the displacement between 
cracks A and B is given by: 
(7 
2J 
E'dy I 
Substituting equation 3.29 gives: 
3.35 
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(5or =2fI [a(l +d)- 
07 
E2 d 
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Figure 3.10 Geometry of cross-ply laminate (edge view). 
After the formation of crack C the displacement between cracks A and B is given by 
(as shown in Figure 3.11): 
11r, 
7(I +d öcr = 
f2 'ý 
EI 
E2 d 
Eo b 
cosh(/Iy) )]dy 
cosh( 
I 
As) 
2 
3.37 
Hence the displacement as a result of the increased compliance of the laminate after 
the formation of crack C is given by 
aI 
E2 d412 
c5a - El 
07 
Eo b[A 
tanh( 
2 
ýS) -A tanh(ýs)] 3.38 
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Figure 3.11 Formation of a transverse ply crack C between two 
existing cracks A and B spaced 2s apart. 
The extra displacement as a result of the release of the residual thermal stresses may 
be calculated in a similar way. Before the formation of crack C, the displacement 
between crack A and B, associated with the thermal residual stress in the transverse 
Ply, UT, is: 
'5T = -2 
1 
07 Td [I -] dy 
f 
El b cosh(, ýs) 
After the formation of crack C, the displacement between cracks A and B is: 
IsI 
6T 
-4 
ý2 
-a 
Td [I - El b 
cosh(/Iy) ] dy 
cosh(-l As) 2 
3.39 
3.40 
Hence the displacement due to the relaxation of the residual thermal stresses is given 
by: 
:, 4 
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AT =g, -(5T =I (T 
Td14 
tanh( 
I ýs) _2 tanh(As)] T El bA2A 
3.41 
Hence, the overall displacement due to the propagation of crack C between two cracks 
spaced 2s apart is given by: 
A= A"' +A' 3.42 
Hence, the effect of cracks on the properties of a coupon, e. g. the reduction of 
modulus and the increase of coupon length, is reasonably well understood. The strain 
state around the edges of a transverse crack is much less well understood. 
With the aid of an aramid fibre strain sensor embedded near a 0/90 interface in a 
transparent cross-ply GFRP laminate, the enhancement of strain in the vicinity of a 
transverse ply crack has been measured directly (Arjyal et al, 1998). The results show 
a large strain magnification in the crack plane for the cracks with a factor of 4 to 7 
(Figure 3.12). In the figure, every peak indicates one crack and is labelled according 
0.012 
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5000 10000 15000 20000 25@0 
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Figure 3.12 Strain distribution in the embedded Kevlar 49 fibre sensor on the basis of 
RWian spectroscopy within the 20mm gauge length at the point of transverse crack 
saturation, (Arjyal et al, 1998). 
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to the occurrence sequence of the crack development. The strain magnification factor 
measured using the aramid fibre reduces with increasing distance between the sensor 
and the 0/90 interface, falling from about 6 at a distance of about 10 ýtm from the 
interface to about 2 at a distance of 25 ýLrn from the interface, as shown in Figure 3.13. 
In Chapter 6, the response of a polarimetric sensor embedded at the 0/90 interface in a 
cross-ply laminate to the growth of such cracks will be discussed. 
7 
6 
zz_- 4 
y -0.2323x + 8.3538 
2 R=0,9696 
05 10 15 20 25 30 
Distance from ply interface (pm) 
Figure 3.13 Strain magnification as a function of distance from the 0/90 interface 
for various transverse ply cracks. The solid line is a least-squares fit to the 
experimental data, (Arjyal et al, 1998). 
The following chapter outlines the materials and manufacturing methods used in this 
work, together with the procedures used to characterise the sensors and the 
mechanical test methods employed to test the coupons with embedded sensors. 
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4.1 Introduction 
Materials manufacturing and mechanical test methods used in the experimental study 
of the polarimetric sensor embedded in composites are described in this chapter, 
beginning with the manufacturing procedure for the unidirectional and cross-ply 
GFRP composites with embedded optical fibres in section 4.2. The fabrication of the 
sensors will be described in section 4.3. Section 4.4 introduces the mechanical test 
methods for the coupons with embedded polarimetric sensors and the light path 
arrangement. In section 4.5, the test methods for the polarimetric sensors are 
described. Finally, the data processing method is introduced in section 4.6. 
4.2 Manufacture of composite materials with embedded fibre optic sensors 
Cross-ply (0/90), glass/epoxy laminates were fabricated with embedded optical 
sensors, using a filament winding/wet lay-up technique (Boniface, 1991). For the 
unidirectional coupons, the optical fibres were glued into the grooves of an additional 
frame perpendicular to the reinforcing fibres first and then the glass fibres of the 0' 
ply were wound parallel to the optical fibres, leaving sufficient optical fibre exposed 
at both ends for connections to the rest of the light path to be made. The glass fibres 
were wound at a controlled speed in order to gain a final ply thickness of 
approximately 0.5 mm. For the cross-ply laminate, the reinforcing glass fibres were 
wound on a square steel frame first (90' ply) and then the steel frame was turned 90' 
and the optical fibres were glued on top of the wound fibres into the grooves of an 
additional frame perpendicular to the reinforcing fibres. After that, the glass fibres of 
00 ply were wound parallel to the sensors. For the double cross-ply laminate. the 
procedure varied with the different position of the embedded sensors. When the 
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layout of the laminate was 0/sensor/90/90/0/90/90/0, the three layers of reinforcing 
fibres, i. e. the inner 0' ply and the two adjacent 90' plies were wound first, then the 
sensor was glued into the grooves of an additional frame. The outer layer of 00 ply 
was wound last. When the layout of the laminate was 0/90/90/sensor/0/90/90/0, the 
central 0' ply was wound first, and the sensor were glued into the grooves of an 
additional frame. The remaining plies, the two 90' plies first, and then the 0' ply, 
were then wound. 
After winding, the wound frames were impregnated with an epoxy resin (Epikote 828 
(100 g), with curing agent Nadic Methyl Anhydride (NMA) (60 g) and accelerator 
K61B (4 ml). Prior to the impregnation, a vacuum was used to eliminate air bubbles 
entrapped in the epoxy resin. Wetting of the fibres was achieved by wan-ning the 
uncured laminate with the use of a hot plate inside a vacuum chamber for 
approximately 20 min. 
Plain rectangular test coupons, about 230 mm in length and 20 mm wide, were cut 
from laminates which were approximately 250 mmX200 mm, using a water- 
lubricated diamond saw with a nominal 600-grade grit finish. For most experiments, 
the coupons were cut so that the fibre optic sensor was located approximately in the 
centre of the coupon (see Figure 4.1). Experiments on coupons with a circular hole 
required the coupons to be cut in such a way that the sensors were off-set from the 
centre of the coupons, and about 3 to 5 mm away from the hole edge. Coupons were 
cut out before post-curing at 150'C for 3 hours. After post-curing, aluminium alloy 
end tabs, 20 mm long and 20 mm wide, were bonded to the coupon to avoid damage 
to the surface plies in the testing machine grips during loading. Adhesion was 
promoted by lightly abrading the surface of the coupon and etching the end tabs in a 
solution of sodium dichromate and sulphuric acid. A glue seat for an extensometer 
xvas also applied onto the coupon before mechanical testing to ensure that the 
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extensometer knife edge remained in a fixed position on the coupon's surface during 
testing. 
Figure 4.1 An example of a transparent coupon, with a fibre optic sensor in the 
middle, in the grips of the fatigue machine. The width of the coupon is 20 mm. 
4.3 Manufacture of polarimetric sensors 
Polarimetric sensors are attractive because of their simple construction, as described 
in Section 3.4. For these experiments, polarimetric sensors with two 45' splices, and 
with bending of the lead-out fibre, were made. 
The sensors were made of a single mode, polarisation maintaining fibre (Hi-Bi 
PANDA fibre obtained from Fujikura Europe Ltd, diameter of the bare fibre without 
coating is 125 ýinz, diameter of the core is 3.5 pm, diameters of the stress rods are 
16.51mi, Beat length (LB) is 1.2 i)wi (;, = 0.63 Imi)). A protective nylon coating and 
inner silicone coating were removed from the fibre (the length depends on the 
Structure of the sensor) by a coating stripper and a lens tissue soaked with high purity 
alcohol (to clean the stripped bare fibre). As shown in Figure 3.5, the gauge length of 
the sensor (i. e. fibre length BC) was achieved by a rotation of the axes of the fibre 
through two 45' splices in the sensing section relative to the orientation in the lead- 
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Pip 
Figure 4.2 The Fijlkura splicer (FSM-20PM) employed in the experiments. 
in/out sections of the optical fibre. Splicing and rotation of the fibres were carried out 
using a Fujikura fusion splicer (Model: FSM-20PM; see Figure 4.2). The splice 
involved using V-grooves to align the fibres to be joined at any necessary angles. The 
automatic alignment procedure of the fusion splicer was used to ensure that the 
connection between the two fibres was optimised. The final joining was completed by 
spark fusion. 
For characterising the fibre under tension, three configurations of free polarimetric 
sensor were fabricated, as shown in Figure 4.3 (details of the test rig are described in 
Section 4.5.2). In the figure, thicker lines represent optical fibres with coatings (inner 
coating and outer coating), thinner lines represent stripped bare fibres (without any 
coating). The sensor with the structure shown in Figure 4.3(a) had two 45' splices 
within the grips of the tension rig and was connected with the other part of the light 
path by two 0' splices. In figure 4.3(b), the bare fibres were connected within the 
grips by one 0' splice and the sensor was joined to the light path by two 45' splices 
outside the grips. A 90' splice, positioned exactly at the central point between the two 
grips, was used to join the two bare fibres for the sensor shown in Figure 4.3(c). The 
60 
Chapter 4. Materials and experimental procedures 
grips Sensing grips 
Loops of lead 
length out 
fibre 
vv 
Laser source 
lens 0' splice 45' splice 0' splice 
Connector to the 
optical amplifier 
(a) 
Sensing 
v length 0 
Laser source 
/ 
lens 45' splice 0' splice 45' splice 
Connector to the 
optical amplifier 
b 
Sensing 
v length V- 0 
C 
Laser source Connector to the 
lens 45' splice 900 splice 450 splice optical amplifier 
(c) 
Figure 4.3 Different structures of free sensors. 
(a) 45' splices within grips; 
(b) 45' splices outside grips, 00 splices within grips; 
(c) 45' splices outside grips, 90' splices within grips. 
sensor was connected to the other part of the light path by two 45' splices outside the 
grips. The gauge length between the two grips was 185 mm and the gauge length of 
the sensor between two 45' splices in Figure 4.3(a) was about 100 mm (see Section 
4.5 for better details). 
For testing embedded sensors, two configurations of the polarimetric sensor Nvere 
embedded into the coupons, as shown schematically in Figure 4.4. Again, as in Figure 
4.3, the thicker lines represent optical fibres with coatings (inner coating and outer 
coating), and the thinner lines represent stripped fibres (without any coating). In the 
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first type, the 45' splices were embedded within the coupon, with gauge lengths (the 
distance between the splices) in the range from 50 to 100 mm (Figure 4.4(a)). In the 
second type, the 45' splices were outside the coupons. This latter configuration 
resembles a situation in which the gauge length of the sensor is unlimited. For this 
latter configuration, an additional 0' splice was used to join the two pieces of stripped 
fibres (Figure 4.4(b)). 
Extensometer 
\\ýA 0' splice 
00 
(a) 
45' splice 
0' splice End tabs 
4 Video 
Camera 
(b) 
-výý-- 
Figure 4.4 Two different configurations of polarimetric sensors. 
(a) Two 450 splices within the coupon length; 
(b) Two 450 splices outside the coupon length. 
A standard optical fibre connector (FCPC type) was attached to the end of the lead- 
out fibre to connect it to a photoamplifier. Both splicing and connector mountings 
require very careful preparation of the end faces of the fibre. The end should be both 
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perpendicular to the axis of the fibre and have a surface that is optically flat. This was 
achieved by using a high precision Fu ikura cleaver (CT-07) and polishing the fibre i 
end with a single mode one-piece FC connector kit. 
4.4 Mechanical test methods for coupon testing 
4.4.1 Quasi-static loading 
Quasi-static tensile tests were performed using a computer controlled Instron servo- 
hydraulic testing machine (8000), usually in load control mode (ramp function). An 
Instron extensometer with a gauge-length of 50 mm was used to monitor the 
longitudinal strain of the coupon. The extensometer knife edges rested on grooved 
seats, made of cured epoxy adhesive, to prevent them from slipping during the tests. 
Load and strain signals were recorded using a data logger, while the damage state was 
Fi. (-Yure 4.5 Schematic of the experimental arrangement. 
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monitored directly using a video camera (see Chapter 6). The data-sampllng rate (the 
volume of data the computer records per second) could vary from 0.1 kHz to 1.667 
kHz, and the optimum rate for each test was determined to ensure a reasonable file 
size (below 20 MB) and clear fringes (see Section 5.5). A schematic experimental 
arrangement for a test in simple tension is shown in Figure 4.5. 
Initially, the development of transverse ply cracks was deduced from videos taken 
with an analogue video camera which were subsequently converted into digital 
format. Pictures derived from the digital video were then examined to show the 
occurrence and propagation of the cracks. A digital timer placed beside the coupon 
showed exactly the moment that the cracks passed the embedded sensor. It should be 
noted that the mechanical test and the timer were started manually, and hence there is 
a small difference in the time shown on the timer and the time recorded by the 
computer. By gently tapping the extensometer at the beginning of the test, strain 
spikes were introduced into the recorded strain signal, so that the time difference 
between the timer and the computer data-logger could be obtained. For example, in 
Figure 4.6(a), the time of the second tap recorded by the computer is 9.4s, whereas in 
Figure 4.6(b) the time of the second tap shown on the digital timer is 9.88s. Hence, 
there is a known time difference between the computer recordings and the visual 
recordings, of 0.48s. 
In subsequent tests, a digital video recorder was used which made the additional 
digital timer unnecessary, although synchronisation using the tapping routine was still 
required. 
4.4.2 Fatigue loading 
Tension-tension fatigue tests were carried out using an Instron servo-hydraulic testing 
machine (8000) at a frequency in a range from I to 10 Hz and stress ratio, R, (R = 
minimum stress/maximurn stress) of 0.1, using a sinusoidal waveform. The test 
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machine was used usually in load control mode. Most tests were in tension-tension 
mode and quasi-static tensile tests were carried out first to determine the stiffness of 
each coupon from which fatigue test parameters were calculated to give the required 
stress and strain levels for the coupons. A similar procedure was adapted for tests 
carried out in four-point bending. 
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Figure 4.6 Synchronization of the timer and the fatigue machine. 
(a) Two strain spikes introduced by tapping the extensometer twice; 
(b) Still picture from the digital video file of the second tap. 
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4.4.3 Four-point bending test 
For the four-point bending tests, a special rig was constructed to fit into the grips of 
the fatigue machine. The experimental arrangement is shown in Figure 4.7. The 
distance between the inner rollers is 85 mm and the distance between the outer rollers 
is 185 mm. For the fatigue tests in four-point bending, the frequency was I Hz and the 
test machine was controlled by position control mode with position ratio, R, (R = 
minimum relative position / maximum relative position) of 0.33 and a saw-tooth 
waveform. An extensometer was employed to monitor the strain, as shown in Figure 
4.7. Detailed discussion of the use of the extensometer in these tests is given in 
Section 8.3. 
4.5 Test methods with polarimetric sensors 
4.5.1 Optical arrangement 
zj 
Figure 4.7 Experimental setup of four point bending test. 
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Linearly polarised light from a He-Ne gas laser source (part B in Figure 4.8), 633 nm 
operational wavelength, was launched into the fibre core fibre through a Newport F- 
91 series precision fibre coupler (part C in Figure 4.8). As discussed in Section 3.4, 
the incoming light needs to excite exactly one of the two modes in the core. This was 
achieved as follows (note that the supporting background theory for this procedure is 
discussed in Section 5.2): 
(a) 
B CE Fl H 
(b) 
Figure 4.8 Optical path arrangement of polarimetric sensors. 
(a) Experimental arrangement; 
(b) Schematic of the experimental arrangement. 
Key to labelled devices: 
A. Micro-translator holding laser source. B. He-Ne laser source 
C. Optical coupler. D. Optical chuck. E. Micro-translator holding lead-in fibre. 
F. Micro-translator holding lead-out fibre. G. Optical analyser. 
H. Portable optical meter 
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(1). The relative position of the laser source and the cleaved end of the optical fibre 
was adjusted to ensure that light coupled from the laser source into the fibre core was 
maximised. This was achieved by adjusting the micro-translators of both the laser 
source (part A in Figure 4.8) and the fibre holder (part E in Figure 4.8), carefully, and 
monitoring the output using a portable optical meter (part H in Figure 4.8). 
(2). The other end of the fibre was stripped, cleaved and held by another micro- 
translator (part F in Figure 4.8). A polarising analyser (part G in Figure 4.8) was 
placed in front of this fibre end and the detector of a portable power meter (part H in 
Figure 4.8) was positioned behind the analyser. The micro-translator was adjusted to 
ensure that maximum light was launched into the detector. 
(3). When the polarising analyser (part G in Figure 4.8) was rotated through 360', a 
sine wave form of the optical output was recorded, as expected, because the incoming 
light from the laser was linearly polarised in one plane. The analyser was then rotated 
to one of the angles at which maximum light intensity could be obtained. 
(4). Finally, the optical fibre at the laser end was rotated using an optical chuck (part 
D in Figure 4.8). An approximately sine squared (or cosine squared) wave form of the 
optical output was recorded (see Figure 4.9). The fibre was now rotated to one of the 
angles where the maximum light intensity was obtained. At this angle, the incoming 
linearly polarized light excited exactly one of the two modes in the optical fibre core. 
For optical fringes to be detected using the polarimetric sensor, separation and 
elimination of one of the orthogonal modes of the optical signal, produced by 
interference at the second splice, is required. This was achieved by bending the lead- 
out part of the optical fibre, which induced the loss of one of the modes through the 
cladding (see Section 3.4.1). The appropriate bend radius and number of loops were 
determined experimentally by repeating quasi-static tests on the same sensor 
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Figure 4.9 Changes of optical output with when light is launched into 
the fibre at different angles. 
embedded in an unidirectional coupon between strain of 0% and 0.3%, using different 
bend radii and different numbers of loops of the lead-out optical fibre. Detailed results 
are discussed in Section 5.3. The optimum bend of the lead-out fibre was determined 
to be: loop diameter, 9.5 mm; number of loops, 8. All experiments using polarimetric 
sensors employed this optimum configuration. 
After separation of the modes, the lead-out fibre was connected to the photo amplifier, 
which was an in-house manufactured transconductance amplifier with a pin 
photodiode (BPW87) as the active device. The optical output was converted to a 
voltage and recorded simultaneously with the load and strain signals by the Instron 
servo-hydraulic controller. The data sampling rate varied from 0.1 kHz to 1.667 kHz. 
Demodulation techniques or filters were not used during data acquisition. 
4.5.2 Tension test of free sensor 
Tension tests and transverse compression tests of free sensors were carried out to 
determine strain-optical coefficients of the polarimetric sensor (see Chapter 9). 'Free 
sensor' here means a polarimetric sensor that is not embedded in a coupon. The 
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Figure 4.10 Free sensor tension rig. 
(a) Experimental arrangement; 
(b) Schematic of the experimental arrangement. 
manufacture of the sensor was the same as described in Section 4.3 and the sensor 
was stripped, and had two 45' splices at various distances apart. . The tensile tests 
were carried out in a specially made tension rig (see Figure 4.10). The sensor was 
fastened to the frame by two grips. The grips could move along the frame to allow 
different gripped gauge lengths of the sensor. Displacement of the sensor was 
introduced by withdrawing plate A using a micro-screw knob at a manually controlled 
speed. Strain on the sensor was calculated by dividing the displacement of the plate 
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by the length of the bare fibre between the two grips. The two 45' splices in the 
experiments were either within the grips or outside them. 
4.5.3 Compression tests of the bare polarimetric sensor 
Transverse compressions tests of bare polarimetric sensors were carried out using 
manual loading. The experimental setup is shown in Figure 4.11. Three gauge plates 
and an optical bench were used in the experiments to ensure a flat surface during the 
tests. Two optical chucks, marked at angles of 15', were used to grip the fibre and to 
control the rotation of the sensor. Before the sensor was removed from the splicer, at 
which point the fibres were straight and without any twist, two marks were made on 
both end of the fibre to minimise the twist of the sensor during the tests. The sensor 
was rotated by rotating the two chucks simultaneously. A dummy bare fibre was used 
to share the compression load so that the weights could be placed on the gauge plate 
positioned on the sensor without tipping of the gauge plate. Ten weights, of 475 g 
each, were placed onto the gauge plate by hand one by one at regular intervals of 
about 4 seconds. The width of the top gauge plate (the length of the sensor under 
transverse compression) was 20mm. The optical output was recorded by the data- 
logger as a function of time and the resulting fringe profile was stepped because of the 
manual nature of the tests. 
4.5.4 Temperature response of the polarimetric sensor 
The temperature response of the polarimetric sensor was characterised by testing the 
response of the sensor to temperatures in the range from 20 'C to 120 'C. Figure 4.12 
shows the schematic experimental arrangement. In these tests, a polarimetric sensor 
with a gauge length of I in was put into an oven and the sensor was connected to the 
laser light path by two 45' splices as usual. The splices, however, were put into the 
oven to make sure that the whole length of the sensor was experiencing the same 
change of temperature. The optical fibre was looped , vithin the oven to eliminate non- 
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Figure 4.11 Experimental set up of compression tests of bare polarimetric sensor. 
(a) Before loading the weights; (b). After the weights has been loaded; 
(c) Schematic of experimental arrangement. 
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uniform thermal effects and a thermometer was positioned near the optical fibre to 
measure the temperature around the sensor. The temperature signal and optical signal 
were recorded by the computer simultaneously. The results of these tests are 
described in Section 5.7. 
Optical 
fibre 
loop 
ser 
urce 
Figure 4.12 Experimental arrangement for the temperature tests on polarimetric 
sensors. 
4.6 Data processing method 
The optical output recorded in the tests with the sensors was usually in the form of a 
sinusoidal variation (more specifically sin 
2 
or cos 
2) 
. 
However, a sudden change in the 
signal was seen when a crack passed the sensor (see Chapter 6). As will be 'Seen, in 
some of the tests, it was necessary for the recorded data to be filtered using a Fast 
Fourier Transform (FFT) filter. This was achieved by employing the computer 
software ORIGINO 6.0 in the following steps (see ORIGIN manual, 1999): 
Firstly, the set of data of interest needs to be input; secondly, the Fast Fourier 
Transform (FFT) analysis window was opened to analysis frequency composition of 
the optical signal; finally, to convert the data from the frequency domain to the time 
domain, the data of interest was multiplied by a FFT filter function. 
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The type of filter used here was a FFT band pass filter, which is one of four common 
types of frequency filters shown schematically in Figure 4.12: (a) low pass, (b) high 
pass, (c) band reject and (d) band pass. The purpose of these filters is to allow some 
frequencies to pass unaltered, while completely blocking other frequencies. The low 
pass filter means that only frequencies lower than a defined frequency can pass, while 
the high pass means only frequencies higher than a defined frequency can pass. In a 
band reject filter, all the frequencies between two defined frequencies are rejected. 
The band pass means only frequencies between defined frequencies can pass. 
In the present study, a standard Fourier Frequency analysis was carried out initially to 
find out if there were any frequencies changes in the optical output as the cracks 
passed the sensor (using ORIGINO 6.0). Then the FFT band pass filter was used to 
pick out the time when the frequency changes occurred together with the video 
(a) 
Z 
Z., 
-+-i 
r. 
. - 
C/D 
Figure 4.13 The four common frequency responses. 
(a) low pass; (b) high pass; (c) band reject; (d) band pass. 
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recording showing developments of the cracks. 
4.7 Concluding comments 
In this chapter, the optical and mechanical testing arrangements have been described. 
In the next chapter, results on the general characteristics of the polarimetric sensor 
will be presented. 
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5.1 Introduction 
Before the polarimetric sensors could be used to detect damage (e. g transverse cracks 
in a GFRP laminate), the fundamental behaviour of the polarimetric sensor needed to 
be investigated. In this chapter, the results of these tests are described. 
5.2 Optimisation of the light path arrangement 
The light path was arranged as described in Section 4.5.1. The reason why the light 
path was arranged in such a way is discussed here. 
The linearly polarised light from the laser source can be expressed as: 
Eo cos(k -+ cot + (po) 5.1 
Here E is the electric amplitude vector, EO is the maximum amplitude of the electric 
amplitude vector, k is the propagation vector, r^ is the space vector, co is the angular 
frequency and ýoo is the initial phase. 
In general cases, the light is launched into the optical core at a random angle to the x- 
axis of the core, so that both modes in the core are excited, but unequally, as shown in 
Figure 5.1 (a) - The 
light waves in the x -and y- mode can be expressed as: 
Ex = Eo cos 0 cos(kx + cot + 
El, == Eo sin 0 cos(ký, + cot + 
5.2 
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V 
(a) 
x 
(b) 
Fransmission axis 
)f analyser 
x 
Figure 5.1 (a) Relative orientation of linearly polarised light and axes of fibre core. 
(b) Relative orientation of linearly transmission axis of analyser and axes 
of fibre core. 
where 0 is the angle between the x-axis (mode) of the fibre and the direction of the 
polarisation of the incoming light. 
The light intensity in both modes can be expressed as: 
10 Cos 
2o 
Io sin 
2o 5.3 
where 10 is the initial light intensity that is launched into the optical fibre core, I, and 
ý,, are light intensities in x- and y-axis in the core respectively. 
The different propagation speeds of the light wave in the two modes give rise to a 
phase difference, Aý9, when the light waves arrive at the far end of the fibre. Hence, 
the polarisation state of the light emerging from the fibre is elliptically polarised. 
However this elliptical polarisation can be treated as a vector addition of the polarised 
light in thex- andy-modes, which can be handled separately. 
Direction of 
linearly polarised 
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Assuming that the transmission axis of the analyser is oriented at a random angle, cl. 
to the x-mode direction, as shown in Figure 5.1(b), then the electric vector 
components of both modes along the transmission axis are: 
Ex Ex sin a Eo cos 0 sin a cos(ky + wt + ý91 ) 
E), E,,, cos a Eo sin 0 cos a cos(ky + cot + ý91 +A ý9) 
The light intensity that can pass through the analyser is: 
5.4 
I= Io cos' 0 sin 
2a 
+Io COS02 sin 
2a= [COS2 0_ COS2 a cos(20)]IO 5.5 
When the analyser is rotated, the value that changes in equation 5.5 is the angle a. 
According to equation 5.5, the maximum light intensity recorded by the detector 
arises when (x =0 or ; T(cos26ý>O) and the minimum light is transmitted at a= ; T/2 or 
3; r/2 (cos20 >0). Hence, once the analyser is rotated to the angle where maximum 
light intensity is obtained, the transmission axis of the analyser is now aligned with 
one of the mode axes in the core, for example, the x-axis. 
Once the analyser transmission axis and x-axis in the core are aligned, the light 
intensity recorded by the detector is: 
I-V = 10 Cos 
2o 5.6 
When the optic fibre is rotated, which means 0 changes from 0 to 2 ir, a cosine squared 
optical output is obtained, as shown in Figure 4.9, which is reproduced as Figure 5.2 
here. The optic fibre can now be set to the angle at which the maximum light intensity 
is obtained, so that the incoming light excites exactly one of the two optical modes in 
the fibre core. 
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Figure 5.2 Changes of optical output with when light is launched into 
the fibre at different angles. 
5.3 Optimisation of the bending of the lead-out fibre 
As described in Chapters 3 and 4, bending the lead-out fibre of the polarimetric sensor 
removes one of the two orthogonal optical modes and fringes and enables the change 
of strain in the sensor core to be seen. The determination of the optimum combination 
of bend diameter and number of loops is described in this section. 
As expressed in equation 3.12, the optical output light intensity for both modes of the 
lead-out fibre can be expressed as: 
Io Cos 
2 Aýq 
2 
I, Io sin 
2 Aýq 
2 
5.7 
where 1,1, and Io are the light intensities in x-mode, y-mode and the initial input light 
intensity respectively and Aýo is the phase difference between the two modes induced 
by an external stimulus within the gauge length of the sensor. 
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If there is no bending of the lead-out fibre, hence no loss of light, the measured optical 
output will be: 
I=I,, 
c +Iy =Io sin 
2 'ýý ý9 + 10 Cos 
2 'ýk ý9 
= Io 
22 5.8 
In other words, the sensor output intensity would be constant and no optical fringes 
could be seen nor any strain changes in the sensor core would be detected. 
When the lead-out fibre is bent, the change of refractive index in the cladding causes 
some light in the core to leak out. Assuming that a fraction a% of the light intensity in 
mode x is retained and b% of the light intensity in mode y is retained to be recorded 
by the detector, then the optical output is: 
I=a. I, +b. 12 = Io (a cos 
2 'ýý ý9 
+bsin 
2 Aýq IO[a + (b - a)sin 
2A (p 1 5.9 
222 
In most cases, a :ýb, so when AO changes with strain, temperature etc., optical fringes 
will always be seen, even though bending of the sensor has not been optimised. 
During tests to optimise the sensor, the optical output obtained for a selection of 
different combinations of bend diameter and number of loops are shown in Figures 
5.3 to 5.6. All the results were obtained from the same polarimetric sensor embedded 
in a unidirectional laminate under consecutive tests. The coupon was not removed 
from the grips during the tests. 
Figure 5.3, for example, shows the light intensity (i. e. optical output) when the 
coupon was loaded from a strain of about 0.125% to about 0.4% in about 40 seconds, 
and then similarly unloaded. In this example, not extra bending of the lead-out fibre 
ývas added to the natural bend of the fibre that occurred where the optic fibre emerged 
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from the coupon. The light intensity shows no obvious fringes with strain. Any 
fringes of small amplitude (due to the small difference of a and b in Equation 5.9) are 
presumably buried by the noise of the laser source. 
For the test shown in Figure 5.4,22 loops of 22.5 mm bend diameter were employed. 
Some noise from the laser source can still be seen, although the fringes due to Aýq are 
reasonably clear in this figure. Unsurprisingly, the mean light intensity recorded 
decreased from Figure 5.3 to Figure 5.4. The fringes are much better defined in Figure 
5.5, where 2 loops with a bend diameter of 9.5 mm were employed. 
A systematic study of different number of loops and different bend diameters showed 
that the clearest fringes were obtained with 8 loops and a bend diameter of 9.5 mm 
(Figure 5.6) although other combination of loop number and bend diameter could give 
clear fringes as well. For example, a single loop bent to a diameter of 3 mm also gave 
clear fringes. However, small bend diameters sometimes cause the fibre to break and 
hence, the bend configuration of 8 loops with a diameter of 9.5 mm has been used in 
all tests. 
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Figure 5.3 Response of strain and optical signal of an embedded polarimetric 
sensor without bend of lead-out fibre. 
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Figure 5.4 Response of strain and optical signal of an embedded polarimetric 
sensor when lead-out fibre is bent. Bend configuration: 22 loops with a diameter 
of 22.5mm. 
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Figure 5.5 Response of optical signal plotted against strain of an embedded 
polarimetric sensor when lead-out fibre is bent. Bend configuration: 2 loops with 
a diameter of 9.5mm. 
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Figure 5.6 Response of optical signal plotted against strain of an embedded 
polarimetric sensor when lead-out fibre is bent. Bend configuration: 8 loops 
with a diameter of 9.5mm. 
As an aside, it should be pointed out that the bending of the lead-out fibre (i. e. the 
number of loops and the loop diameter) does not change the sensitivity of the sensors. 
The sensitivity is completely controlled by the phase difference between the two 
optical modes, which is determined by the strain state around the sensor. The bending 
of the lead-out fibre simply allows the fringes to be seen. 
5.4 Response of embedded polarimetric sensor under quasi-static loading 
As discussed in Chapter 3, the sensitivity of a polarimetric sensor can be represented 
as: 
27r 
c22 3' A(p =AI [Klcll +K,, ' +K633]dL 5.10 
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where Aýp is the relative phase change between the two polarisation modes caused by 
a three-dimensional strain; A is the wavelength of light in vacuum; ell, and --ý ý are 
the three normal strains in the fibre core; L is the gauge length of the sensor and KI. 
K2 and K3 are dimensionless strain-optical coefficients which determine the 
contribution of each component of the normal strains to the relative phase change, Jý9. 
Equation 5.10 shows that the response of the polarimetric sensor depends totally on 
the strain state around the core. External effects (such as load, thermal effect or 
impact) will induce additional strain into the core, so that optical fringes reflecting the 
external influence can be obtained. When the strain field along the sensor is 
homogenous and independent of the longitudinal direction of the sensor (for example, 
a polarimetric sensor embedded in a unidirectional coupon), then equation 5.10 can be 
rewritten as: 
Aq- 
2z 
L(Klcll +K2C22 + K3633) A 5.11 
In this case, when a polarimetric sensor is embedded in a unidirectional coupon, the 
relationship between the normal strains in the core of optical sensor and the non-nal 
strains in the host coupon is: 
Eil =C1 
E', = -V 1 Ei 
633 = -Vi cl 
5.12 
where c, is the longitudinal strain in the coupon and v'is the effective Poisson's ratio 
for the sensor that includes the interaction between the host coupon and the embedded 
sensor. 
Substituting equation 5.12 into equation 5.11, 
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Aýo = 
2; TL 
el (KI - VK2 - v'K3) = 
C'cl 5.13 
A 
where C is a constant. Equation 5.13 shows that when a polarimetric sensor is 
embedded in a unidirectional laminate, there is a linearly relationship between the 
longitudinal strain applied to the coupon and the optical output phase change. This 
means that when the strain varies with time, the fringes induced by the change of strain 
will vary with time as well. When the optical signals are plotted against strain, and 
hence the effect of time is removed, the fringes should be the same for all strain rates. 
Or, to put it another way, if the optical phase change is plotted against strain, it should 
be a straight line and the slope of the straight line is the constant C in equation 5.13. 
Figures 5.7 to 5.10 illustrate these effects. 
Figure 5.7 shows recorded data (optical output and strain measured using an 
extensometer for a simple tension test) for a test using a number of different strain 
rates when the optical signals and the strain signals are plotted against time. There 
was no change in strain for about the first 8 seconds, the strain was then increased 
very rapidly to about 0.14% and held constant for about 20 seconds. The strain was 
then increased rapidly to about 0.18%, and then more slowly, and uniformly, to about 
0.34% at 40 seconds, before being reduced slowly to its original value. Figure 5.8 is a 
magnification of part of Figure 5.7 for the time range between 6s and 31 s. The strain 
rate is the highest from 8s to 10 s, and the optical fringes during this time are close 
together. When the strain rate is reduced, e. g between 20 s and 22 s, the optical 
fringes become wider. The fringes become even wider under the lowest strain rate 
from 23 s to 30 s. It is worth pointing out that during the time 15 s to 18 s, when there 
ical phase change (and hence no fringes) as was no strain change, there was no opti 
well, even though there were strains acting on the sensor. Hence, another way to view 
the model expressed by equation 5.10 is that the model describes the dependence of 
change of optical phase difference on the change of Strain state in the fibre core. 
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Figure 5.7 Original data recorded from a polarimetric sensor embedded in a 
unidirectional laminate. 
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Figure 5.8 Polarimetric sensor behaviour at different strain rates 
(partial magnification of Figure 5.7). 
The optical fringes in Figure 5.7 and Figure 5.8 look a little confused. However, when 
the optical output is plotted against strain, as shown in Figure 5.9, the fringes are 
much clearer due to the removal of the time dependence. The fringes are reproducible, 
almost perfectly, for both increasing and decreasing strain (this reproducibility is 
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more obvious when the coupon is tested under fatigue loading, see Section 5.6). WIICII 
optical phase change is plotted against strain, the straight line predicted by equation 1 
5.13 can be obtained, as shown in Figure 5.10. The phase change in Figure 5.10 is 
obtained by simply counting the number of peaks in the optical output, given that the 
phase difference represented by two consecutive peaks is 27r. 
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Figure 5.9 Optical fringes of Figure 5.9 when optical signal is plotted 
against strain. 
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Figure 5.10 Change of optical phase against strain of the data set in Figure 5.8. 
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5.5 Effect of the orientation of the incoming polarised light in relation to the fibre 
birefringence axes 
If the lead-in fibre is oriented so that the incoming light (point A in Figure 5.11) 
excites both modes in the fibre core, the fringes are more complicated. When the light 
is launched into the optical core at a random angle 0 (as shown in Section at point A 
in Figure 5.11) to the slow x-axis of the core, both modes in the core are excited. The 
light wave in the x and y mode can be expressed as: 
Ex = Eo cos 0 cos(kx + cot + ý90 ) 
Eý, - Eo sin 0 cos(ky + cot + (po) 
5.14 
where (po is the initial phase. When the light in both modes reaches point B (see Figure 
5.11), the phase of light in the fast y-mode has advanced over that in the x- mode by 
an amount: 
45' splice 45' splice 
ABCD 
B- 
x 
E, 
/ý"ý 
y 
-, Exc- 
7 111--\ 
E + 
17 
B+ E\c- 
Section of Point A Section of Point B Section of Point C 
Figure 5.11 A schematic diagram for a polarimetric sensor. 
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27c 
LAB 
LB 
5.15 
where LBis the beat length of the fibre and LABis the distance from point A to the first 
45' splice at point B. The lightwaves in the x- and y-modes can be expressed as: 
B0 cos 0 cos(kx + wt + (p, ) Ex- =E 
EBY- = Eo sin 0 cos(ky + cot + ý91 + Aýo) 
5.16 
After point B, where there is a 45' splice, both lightwaves will split and the light in 
the x-mode and y-mode can be expressed as: 
Ex 
V2 
Eo cosOcos(ky + cd +ý91) -V 
2- 
Eo sin 0 cos(kx + ot + ý91 + A(p) B+ 225.17 
E' 
V-2 
E cosOcos(ky+oY+ýoj)+ 
V-2 
E sin 0 cos(ky + ol + ý91 + Aýq) B+ 2020 
Over the gauge length of the sensor, LBc, another phase difference, Ag', is induced 
due to both any external strain effect and the mode bireffingence. Before point C, the 
light in both modes can be expressed as: 
Ex -ý2 Eo cos 0 cos(kx + ot + (p, 
V-2 
Eo sin 0 cos(kx + O)t + (P2 + 'ýk (to) 
22 
V-2 
Ec- 
2 
Eo cos 0 cos(ky + O)t + (P2 + Lýk (PI 
5.18 
+ 
V-2 
Eo sin 0 cos(ky + Cot + ý02 + 'ýký9 + 'ýk(Pl 
2 
After another 45' splice at point C, the light in both modes become: 
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E X- =I Eo cos 0 cos(kx + Cot + (to 2 
)- 
I 
Eo sin 0 cos(ky O)t c22++ 
92 + 
I 
t)t + (P2 + Aýo') + Eo s0 cos(ky 2 
Eo cos 0 cos(kx +C2+ Cot+ 6P2 + 'ý9+ 
5.19 
1+ A91) +II Eo cos 0 cos(ky+ Ct)t + ý92 Eo sin 0 cos(ky + Ct)t + (P2 + 22 
-1 Eo cos 0 cos(ky 
+Ct)t + 92 +I Eo sin 0 cos(ky + Cot + 92 + 
22 
Hence, the light in one mode, for example, the x-mode, is the interference of four 
coherent lightwaves of different amplitude and phase. Detailed discussion is quite 
complex and only some special cases are presented here. When 0= 0' and all light is 
launched at the lead-in fibre into the x-mode, the electric vector in this mode is: 
E-', ýI Eo cos(kx +Cl)t + 92 +I Eo cos(kx +Cot+ 92 + 5.20 c 0=00 =22 
and the light intensity in the x-mode is: 
III 
COS2 
Aýo' 
- C'ý+ 
I 
O=Oo =I+ 
12 + 2VIII2 cos Aýo'= - Io +- Io +- Io cos Aýo' = Io 5.21 4422 
When 0= 90 ' and all light is coupled into the y-mode, the electric vector in the x- 
mode is: 
E 
c-'ý 
ý 
O=goo 
1 
E, cos(kx + Cot + 92 +A9+ 
2 
+E '-v +6 20C, 0s(k' 
ot + (P 2+A (P + /7 
) 
and the light intensity in the x mode is: 
5.22 
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ix. + 2ýI -- ++11 cos(Agt-z) c 0=90- -':::: 
Il +2 
TI 
2 COS(A9t-Z) =4040205.23 
I, sin 
2 'ýý 9' 
2 
Equation 5.21 and 5.23 correspond to equation 3.12. The equations suggest that when 
the lead-in fibre is rotated through 90', the optical fringes are inverted. The results of 
such an experiment are shown in Figure 5.12 where the lead-in fibre has been rotated 
in 15' intervals from 0' to 90'. Comparison of Figure 5.12(a), Figure 5.12(g) and 
Figure 5.12(h) shows that the fringes are indeed inverted when the lead-in fibre is 
rotated by 90'. There is little difference in the fringes when the linearly polarised light 
is about 15' off the x- or y- axis (Figure 5.12(a) and Figure 5.12(b), Figure 5.12(f) and 
Figure 5.12(g)). Hence, the demands of the light path arrangement are not high when 
the sensor is used to monitor strain or damage. In other words, the input light at point 
A in Figure 5.11 could be as much as 15' off-axis without unduly affecting the results. 
This result agrees with Calero et al (1994). 
5.6 Response of polarimetric sensor under cyclic loading 
In order to complete the study of the basic mechanical response of the sensor, some 
tests were carried out under cyclic loading and these results are described in this 
section. All the tests were carried out under load control mode with sensors embedded 
in unidirectional composites. Sinusoidal wave forrns with stress ratio R=O. 1 (R = 
minimum stress/maximum stress) were employed. The cyclic frequencies adopted 
were I Hz and 10 Hz. The data sampling rate was changed with frequency to ensure 
there were at least 100 data points in one set of fringes. 
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a. The lead-in fibre is not rotated. 
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Figure 5.12 Change of optical fringes when lead-in fibre is rotated. 
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The results shown in Figure 5.13 to 5.16 are for frequencies of I Hz and 10 Hz. 
Figure 5.13 shows the strain recorded by the extensometer and the optical output as a 
function of time, for tests at I Hz and Figure 5.14 is a magnification of part of these 
results. Figure 5.15 and 5.16 show similar results for a cycling frequency of 10 Hz. 
Comparison between Figure 5.14 and 5.16 shows that although the fringes are less 
well defined in Figure 5.16, the sensitivity of the sensor (i. e. the number of fringes for 
a given strain) has not changed. This demonstrates that the response of the sensor is 
fast and makes it possible for the polarimetric sensor to monitor strain (and possibly 
damage) under cyclic loading. Indeed, it is likely that the sensor is limited here by the 
response of the detector and the sampling frequency, rather than by the intrinsic speed 
of response of the sensor. 
Returning to Figure 5.9, only one cycle of load was performed in that test, and the 
fringes redraw themselves only once on unloading. Under cyclic loading, many cycles 
of load are performed and the fringes repeat many times. However, due to the 
instability in time of the optical output intensity of the laser source during cyclic 
loading, the fringes move vertically along the y-axis (i. e. light intensity axis; see 
Figure 5.17 and 5.18). Hence, cyclic test results show thick fringes, although the 
individual fringes have the same shape as those under quasi-static load. Figure 5.17 
and 5.18 show the optical output as a function of strain over many cycles and the drift 
of the optical output intensity, due to output drift of the laser source, is apparent. 
At higher cycling frequencies, the sampling rate of the data must be high enough in 
order to obtain true fringes. For example the fringes shown in Figure 5.19 (where the 
sampling rate is 100 Hz) are misleading when compared to the true fringes in Figure 
5.14 (where the sampling rate is 1000 Hz). 
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Figure 5.13 Strain signal and optical signals of an embedded polarimetric sensor 
under fatigue test (frequency= 1 Hz, sampling rate= I kHz). 
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Figure 5.15 Strain signal and optical signals of an embedded polarimetric sensor 
under fatigue test (frequency= 10 Hz, sampling rate= I kHz). 
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Figure 5.16 Partial magnification of Figure 5.15 in time range from 15.9s to 16s 
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Figure 5.17 Optical fringes of an embedded polarimetric sensor under fatigue test 
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Figure 5.18 Optical fringes of an embedded polarimetric sensor under fatigue test 
(frequency= 10 Hz, sampling rate= I kHz). 
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Figure 5.19 Optical fringes of an embedded polarimetric sensor under 
fatigue test (frequency= I Hz, sampling rate=O. 1 kHz). 
Figure 5.20 shows the response of an embedded polarimetric sensor under cyclic 
loading during a test in which the sensor fractured at a transverse ply crack. This 
result is included to show the surprising robustness of the sensor. The initial, single 
optical fringe at low strain (from 0% to about 0.06%) was caused by loading the 
specimen to the mean load before the cyclic test started. The specimen was cycled 
between 0.06% and 0.125% strain at a frequency of 5 Hz in load control. The fringes 
superimposed each cycle, but at slightly different optical output values (due to drift of 
the laser output power), to become a dark thick band, in a similar way to the results in 
Figure 5.17 and Figure 5.18. After about 360 cycles of the cyclic test, the sensor 
broke at a strain of about 0.38%, and there was an immediate drop in optical output, 
although the cyclic testing was continued. Despite fracture of the sensor, the fringes 
were still visible, but the sensitivity of the sensor was slightly reduced. Since the gap 
between the two broken ends of the sensor increased with applied strain, it is not 
surprising that, with the consequent loss of light, the fringes also become less visible 
at higher strains, as Figure 5.20 shows. 
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Figure 5.20 Response of embedded polarimetric sensor under fatigure after 
it is broken at a transverse crack. 
This section on the cyclic behaviour of the sensor was included to help demonstrate 
that the sensor response is well understood. Attempts were made to use the good, 
cyclic response of the sensor to monitor the fatigue growth of matrix cracks, but it 
was found that the changes during fatigue were too subtle to be detected and hence 
most of the work was focused on quasi-static crack development. 
In the next section, the response of the sensor to temperature changes is quantified, an 
investigation which was required to establish the significance of any temperature 
changes during the quasi-static tests. 
5.7 Thermal response of the polarimetric sensor 
As described in Section 3.3, the birefringence of a polarimetric fibre is induced by the 
difference of the thermal coefficient of expansion between the cladding and the SAPs. 
When the temperature changes, the stress induced by the SAPs will change as well, 
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and the resulting change in birefringence is expressed as optical fringes. In other 
words, the polarimetric sensor has the potential to be a temperature sensor. 
Figure 5.21 shows temperature as a ftinction of time and optical output (oscillations) 
as a function of time, for a sensor of length 0.75 m heated in an oven from 20 'C to 
130 'C. Figure 5.22 shows the optical output plotted as a function of temperature. 
Figure 5.23 shows similar results for a sensor with a gauge length of 0.3 m. These 
tests show that the experimental thermal sensitivity of the sensor is 4.9±0.2 rad/'C/m, 
which is in good agreement with Domansi et al (1994), who found a value of 5.23 
rad/'C/m for a polarimetric sensor using a Panda fibre. 
A sensitivity of about 5 rad/'C/m is not very large and shows that the polarimetric 
sensor is not very sensitive to temperature. Hence, it has been demonstrated that, for 
all of the testing undertaken on coupons in present study, the therinal contribution to 
the measured phase shifts can be neglected as the experimental durations varied from 
I to 5 minutes in a temperature controlled room. 
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Figure 5.21 Thermal response of polarimetric sensor with a length of 0.75 in. 
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5.8 Conclusion 
In this chapter, various basic aspects of the behaviour of a polarimetric sensor have 
been discussed. 
The optical arrangement employed has been explained and demonstrated to be 
understood both theoretically and experimentally. The bend diameter and number of 
loops of the lead-out fibre have been optimised and clear optical fringes due to 
changes of strain have been obtained. The polarisation state of light in the fibre core 
has been discussed in relation to the experimental results. In particular, it has been 
demonstrated that the demands of the light path arrangement are not high when the 
sensor is used to monitor strain or damage. The polarised light launched into the 
optical core can be as much as 15' off-axis without unduly affecting the results. 
Further tests have shown that polarimetric sensors can be employed to monitor strain 
under cyclic loading and in order to obtain true fringes, the sampling rate of the data 
must be high enough. Finally, the experimental results show that the polarimetric 
sensor is not very sensitive to the temperature. 
In summary, in this chapter the fundamental understanding of the polarimetric sensor 
has been established and the sensor can now be used to detect damage in composite 
materials. 
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Chapter 6. Transverse crack detection by 
polarimetric sensors 
6.1 Introduction 
embedded 
In this chapter, the results of experiments using polarimetric sensors to detect damage 
development are described, specifically the development of matrix cracks in a cross- 
ply composite laminate. Unlike previous studies, the transparent nature of the 
composites used in this work enables the moment at which the cracks interact with the 
sensor to be observed directly. The experiments with an embedded sensor focus on 
detecting transverse cracks during quasi-static loading. Two different configurations 
of polarimetric sensors have been embedded. The response of the load signal, strain 
signal and optical signal to crack development are presented in Section 6.2 and 6.3 
respectively. In further work, which is presented in Section 6.4, a circular hole was 
drilled in a cross-ply coupon with thicker 0' plies and 90' plies to establish the effect 
of cracks that pass the sensor and cracks that do not pass the sensor. 
6.2 Detection of transverse cracks by a polarimetric sensor with two 45' splices 
embedded in the coupon 
L- c It is well known that when a cross-ply laminate is under tension, transverse crac . 
will occur in the 90' ply at a strain of about 0.4%. For a specimen with aI mm thick 
90' ply, the position where a crack might occur is not controlled. With reference to 
Figure 4.4(a), the cracks can occur within the extensometer gauge length and between 
the two 450 splices, outside the extensometer gauge length and between the two 450 
splices, or outside the extensometer and outside the two 45' splices. It has been found 
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that cracks occurring at different positions will induce different responses of load, 
strain and optical signals. 
6.2.1 Cracks occurring within the extensometer gauge length and between the two 45' 
splices 
If a crack occurs in the transverse ply of a cross-ply laminate, the laminate will extend 
by a small amount (Boniface, 1991). There are two contributions to this extension: 
there is an extension as a result of the increased compliance of the system but there is 
also an extension associated with the relaxation of the thermal stress arising from the 
mismatch in coefficients of thermal expansion of the 0' and 90' plies during cooling. 
Figure 6.1 shows the results of cracks development in a cross-ply specimen in this 
condition. In the figure and figures that follow, the positions of the embedded sensor 
and the two 45' splices are marked by dark lines on the coupon. In Figure 6.1 (a), a 
period of 1.5 seconds is shown during which the load is increasing from 
approximately 8.325 kN to 8.360 W. The testing machine is operated under load 
control and the demand signal is the gradually increasing load. Figure 6.1(a) also 
shows the strain recorded by the extensometer, which increases from about 0.4542% 
to 0.4582%. Fluctuations in both the load and strain signals occur at a time of about 
33.7 seconds and these, as will be seen, correspond to the development of a transverse 
crack. Figure 6.1 (b) shows the strain signal again, over the same time period, but 
plotted here with the optical output, which varies from 2.53 to 2.38 (arbitrary units). 
In Figure 6.1 (c), consecutive digital images of the coupon are shown with an 
indicated time of 34.08 seconds. Synchronization of timescale of the data-logger and 
the timer shows that the data-logger has a 0.4 seconds delay compared to the time 
shown in Figure 6.1 (c). Consequently, it is proven that the fluctuations in the load, 
strain and optical output correspond to the development of the crack. 
The changes in the recorded outputs can be explained as follows. In this case, the 
cracks occurred within the extensometer gauge length and the small extension \vas 
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recorded by the extensometer as an immediate, step-like change of strain, as shown in 
Figure 6.1 (a). This small increase in length (corresponding to a strain of about 20 pe, 
equivalent to about I pm over the 50 mm gauge length) caused the load on the sample 
to drop suddenly. Due to the fast response ability of the servo-hydraulic test machine 
which was in load-control, the machine increased the load to match the demand load 
8.36 
8,34 
z 
cu 
0 
8.32 
8.30 
0.461 
0.458 0,460 
0.459 0.456 
0.458 0.4,54 
cn 
=z -0 
0.457 
0,452 
0.456 
0.450 
0.455 
0.448 
0.454 
33.0 33.5 34.0 34.5 
tin-e, s 
(a) 
0.446 11 
33.0 
bn-e, s 
(b) 
Crack I 
(c)(d) 
0 
2,45 ýý 
7D 
Fý 
2.40 
-+235 
34.5 
Figure 6.1 Propagation of Crack I during time 33-35s. 
(a) Change of load and strain signal with time. 
(b) Change of strain and optical signal with time. 
(c)-(d) Video images of the time when the crack passed the sensor. (The 
difference between time on the x-axis and time shown on the clock in the picture 
is 0.4s; the arrow indicates the position of the crack which is difficult to see here. ) 
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curve in the load controlled test immediately. In doing that, the testing machine 
slightly overloaded the coupon, and then recovered to the correct demand load within 
about 0.25 seconds. Hence, the load fluctuations shown in Figure 6.1(a) were a 
consequence of the servo-loop controlling the load. Checking the optical signals ovei- 
this time range closely, a sudden change of optical output is found which is coincident 
with the sudden change in strain, as shown in Figure 6.1(b). The irregular fringes in 
Figure 6.1 (b) are due to noises in the laser source, but the sudden change in the optical 
output is clear. Digital photographs taken from the video recording show the moment 
that the crack passed the sensor (Figure 6.1(c)). These photographs confirmed, as 
mentioned above, that the discontinuous optical signal change occurred at exactly the 
same time as the crack developed. 
Due to the unpredictability of crack development in cross-ply laminates, transverse 
ply cracks might propagate across the whole width of coupons immediately, as shown 
in Figure 6.1 (Crack 1), or propagate in several steps, as shown in Figure 6.2 (Crack 
2). 
Figure 6.2 shows results similar to those in Figure 6.1, but this time for a crack (Crack 
2) which propagated in stages. In Figure 6.2(c), Crack 2 has not yet formed. In Figure 
6.2(d), the crack has propagated half-way across the coupon and indeed has stopped 
before passing the sensor. The crack remained here for a short time (about 0.1s) 
before crossing the rest of the coupon. Figure 6.2(a) shows the fluctuations of the load 
signal and strain signal. The interrupted growth of the crack over 0.1 seconds is 
difficult to detect in the load and strain signals, but an attempt has been made to 
indicate the stages of the crack growth in Figure 6.2(b). At (1), the sharp increase in 
strain was due to the crack growing over half-way across the coupon. At (11), the crack 
was arrested in its growth (for about 0.1 seconds) and at (111), the crack grew the 
remaining (short) distance across the coupon, when it also passed the fibre optic 
sensor. it is important to note that in Figure 6.2(b), the sudden chan e of optical signal 9 
occurred in the second part of the crack growth when the crack passed the sensor. 
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Such results suggest strongly that the change of optical output is triggered by the 
passing crack, but further experiments are required to confirm these observations (see 
Section 6.4). 
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Figure 6.2 Propagation of Crack 2 during time 51-53 s. 
(a) Change of load and strain signal with time. 
(b) Change of strain and optical signal with time. 
(c)-(e) Video images of crack development. (The df I ference between the time on the 
x-axis and time shown on the clock in the picture is 0.4s. ) 
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Figure 6.3 shows one further example of crack development within the extensorneter 
gauge length and between the two 45' splices. The crack (Crack 3) grew across the 
full width of the coupon at a time of about 165.2 seconds. It can be seen from Figure 
6.3(a) and Figure 6.3(b), that the step-change in optical output corresponds to the 
sudden changes in load and strain output due to crack development. Indeed, Figure 
6.3(a) shows clearly the superposition of two strain fluctuations: the strain fluctuation 
induced by the transverse crack and the strain fluctuation induced by the change of 
load on the specimen (the overall strain fluctuation). 
6.2.2 Cracks occurring outside the extensometer gauge length and between the two 
45' splices 
When cracks propagate across the whole width of the coupon quickly, fluctuations of 
load signal always happen, as shown in Figure 6.1 (a). However, when a crack occurs 
outside the extensometer gauge length, the extensometer can only pick up the 
fluctuation of the overall strain of the sample generated by the change of load, not the 
initial extension of the specimen which induces the fluctuation of load signal on the 
coupon. 
When a crack occurs outside the extensometer gauge length, and within the two 45' 
splices, the crack is within the sensor gauge length, so the step-change of optical 
output can be seen as expected. Figure 6.4 shows such an example (Crack 4). In 
Figure 6.4(a), no step-change in strain is seen, and the fluctuations in strain and load 
signals are caused by the testing machine restoring the load to the demand value after 
the crack has developed. Figure 6.4(b) shows that the step-change in optical output 
occurs at the same time as the fluctuations in strain, which in turn corresponds to the 
time when the crack developed (Figure 6.4(c)). The video recording shows that the 
crack passed the sensor at about 61.56 seconds. The recorded optical output shows a 
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step-change at 61.16 seconds, which, given the time difference of 0.4 seconds 
between data-logger and video recording, is the same time. 
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Figure. 6.3 Propagation of Crack 3 within the extensometer gauge length. 
(a) Change of load and strain signal with time. 
(b) Change of strain and optical signal with time. 
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Figure 6.4 Propagation of Crack 4 during time 61-62s. 
(a) Change of load and strain signal with time. 
(b) Change of strain and optical signal with time. 
(c)-(e) Video images of crack development. (The difference between time on the 
x-axis and time shown on the clock in the picture is 0.4s-, the arrow indicates the 
position of the crack. ) 
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6.2.3 Cracks occurring outside the extensometer and outside the two 45' splices 
When a crack develops both outside the extensometer gauge length and outside the 
two 45' splices of the sensor, there is neither a step-change in strain recorded by the 
extensometer nor a step-change in the optical output recorded by the sensor. Figure 
6.5(a) to 6.5(d) shows such an example. In this case, the load and strain fluctuations at 
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(a) Change of load and strain signal with time. 
(b) Change of strain and optical signal with time. 
(c)-(d) Video images of the time when the crack passed the sensor. (The difference 
between time on the x-axis and time shown on the clock in the picture is 0.4s; the 
arrow indicates the position of the crack. ) 
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of a step-change in the strain suggests that the crack has developed outside the 
extensometer gauge length. Figure 6.5(b) shows that there is also no step-change in 
the optical output, suggesting that the crack developed outside the 45' splices of the 
sensor. This is confin-ned by the video images in Figure 6.5(c) and (d) which show 
that the crack developed at 81.68 seconds (i. e., 82.08 less 0.4 seconds) about 20 mm 
beyond the 45' splice. The position of this splice is indicated by a black line on the 
specimen. 
6.3 Detection of transverse cracks by a polarimetric sensor with two 45' splices 
outside the coupon 
In the previous section, it was shown that the development of cracks in the 90' ply 
under quasi-static loading can be detected when the cracks occur within the 45' 
splices of the embedded polarimetric sensor. This suggested that cracks could be 
detected even when the 45' splices were far apart. This was confirmed in a series of 
experiments with the 45' splices of the sensor located outside the end tabs of the 
coupon; and the structure of this type of sensor is shown in Figure 4.4(b). Now, the 
complete length of the coupon is within the gauge length of the sensor, so all the 
cracks that develop in the coupon should be detected by the embedded sensor. Again, 
an extensometer was used to monitor the strain signal. 
6.3.1 Detection of cracks occurring within the extensometer gauge length 
When a crack develops within the extensometer gauge length, the response of load, 
strain and optical signals, as shown in Figure 6.6(a) and 6.6(b), are exactly the same 
as those discussed in Section 6.2.1. This is because the crack has developed within 
both the extensometer and sensor gauge lengths. An example is shown in Figure 6.6 
(Crack 6) at 69.67 seconds, indicated by strain and optical output step-changes in 
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Figures 6.6(a) and(b), corresponds to the crack which is shown in the video images 
(Figure 6.6(c) and (d)) that has developed at the same time. 
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(a) Change of load and strain signal with time. 
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6.3.2 Detection of cracks occurring outside the extensometer gauge length 
In this case, the fluctuations of load, strain and optical signal when cracks occur 
outside the extensometer gauge length are the same as those described in Section 
6.2.2, since the entire coupon length is within the sensor gauge length. As expected, 
the extensometer does not record a step-change in strain when Crack 7 formed but 
follows the load signal (see Figure 6.7(a)). However, a step-change in optical output is 
recorded (see Figure 6.7(b)) since the crack developed within the sensor gauge length. 
Figure 6.7(c) and 6.7(d) show the video images of crack development, at about 94.3 
seconds, at the same time when the load, strain and optical signal fluctuate. 
6.4 Identification of the initial event in the crack detection 
In the experiments described so far, it is difficult to establish whether it is the effect of 
crack development that produces the step-change in the optical output or, more 
precisely, whether it is the effect of the crack passing the sensor which is the 
important event. Hence, additional experiments were required to verify this point. 
In the experiments described in this section, a circular hole was drilled at the centre of 
cross-ply coupons which had polarimetric sensors embedded on one side of the hole. 
The hole acts as a strain concentrator, and when cracks initiate from the hole, they 
either grow on the sensor side, or on the side which does not contain the sensor. 
Hence, the importance of cracks passing the sensor, or not, can be established. 
6.4.1 Experimental arrangement to detect cracks around a circular hole 
In these experiments, coupons with thicker 00 plies were used with the aim of 
minimising the risk of splitting the 0' plies when the coupons were drilled. The 
thickness of the 90' ply was 21 mm, and the thickness of both 0' plies were I mm. A 
circular hole with a diameter of 8 mm Nvas drilled at the centre of the coupon usincy a Z: -ý 
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portable drill. Polarimetric sensors with 45' splices typically 100 mm apart (i. e. the 
splices are inside the coupon gauge length) were embedded into the 0' ply, near the 
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Figure 6.7 Propagation of Crack 7 outside the extensometer gauge length. 
(a) Change of load and strain signal with time. 
(b) Change of strain and optical signal with time. 
(c) and (d) Video images of the time when the crack passed the sensor. (The 
difference between time on the x-axis and time shown on the clock in the picture 
is 0.05s; the arrow indicates the position of the crack. ) 
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0/90 interface , in the usual way. The coupons were 20 mm wide, 180 mm long and 
the gauge length of the extensometer was 50 mm. Hence the 45' splices were outside 
the gauge length of the extensometer, the same as the arrangement described in 
Section 6.2. 
The coupons with embedded sensors were cut from the laminate and the holes Nvere 
drilled so that the sensor was positioned alongside the hole, at a distance of between 3 
mm and 6 mm from the hole edge. An example is shown in Figure 6.8. The 
embedded optical sensor, which runs parallel to the length of the coupon to the right 
of the hole in Figure 6.8 is not visible at this magnification, but the position of the 
sensor was delineated on the surface of the coupon with a marker pen. 
if. 
_. 
Position of the 
embedded sensor 
Figure 6.8 Experimental set up for detection of cracks around a circular hole 
For these experiments, the VHS video camera was replaced with a digital video 
camera (Panasonic NV-GX7B) and the photographs were taken from the digitally 
stored images directly. In addition to better picture quality, the digital camera also 
allows the time to be printed on the screen directly, so the timer used with the VHS 
video carnera was no longer necessary. The time shown on these digital images is in 
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the format of hour(h)/minute(m)/second(s)/frame(o. The camera can take and store 50 
images per second on the tape, which means that each image is separated by 0.02s. 
However the time printed on the images contains only 25 frames and two consecutive 
digital images have the same recorded time (frame number). As a consequence, a 
crack can grow in two consecutive images but with the same indicated time. 
As in the experiments described with the VHS video camera, in these experiments the 
digital camera and the fatigue machine were started manually. Hence, there is always 
a small time difference between the time recorded by the camera and the time 
recorded by the test machine. The coupon was gently tapped in the same way as 
described in Chapter 4.4.1 to establish the time difference between the digital video 
camera and the computer datalogger. 
6.4.2 Detection of cracks initiating at the hole 
When the coupons were loaded in quasi-static tensile load (the testing machine was 
operated in load control), initial cracks were induced around the hole due to the strain 
magnification around the hole. Figure 6.9 and Figure 6.10 show examples of the 
detection of initial cracks around the hole from two coupons. 
Figure 6.9 shows a plot of strain and optical output against time (Figure 6.9(a)) 
together with images from the digital video recording (Figure 6.9(b) to Figure 6.9(d) 
that show the development of the first three cracks (Crack 8 to Crack 10). Note, in 
each of Figure (b) to (d), two consecutive images are shown. These are 0.02 seconds 
apart in time. The strain signal shows a generally linear increase with time as the load 
increases, whilst the output signal from the sensor is sinusoidal as a result of the 
optical fringes. The strain output over this time interval during the test (from about II 
seconds to 18 seconds) shows three small step-changes. These increases in strain are 
subsequently related to the development of cracks with the aid of the images from the 
digital video recording. The step-change at about 13 seconds corresponds to Crack 8 
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(Figure 6.9(b)) which developed on the left side of the hole. The step-change at about 
15.9 seconds corresponds to the development of Crack 9 (Figure 6.9(c)) which 
occurred on the right-hand-side of the hole, and the third step-change corresponds to 
Crack 10 (Figure 6.9(d)) which, like Crack 8, developed on the left side of the hole. It 
can be seen clearly from the optical output that it is only the crack that develops on 
the sensor side of the hole, e. g Crack 9, will causes a step-change in the optical 
response. Cracks 8 and 10, which developed on the side of the hole away from the 
sensor, do not affect the optical output of the sensor, although the effects of each 
crack are recorded by the extensometer. 
Figure 6.10 shows similar experimental results from another sample; again 
consecutive images of 0.02 seconds apart are shown in Figure 6.10(b), 6.10(c) and 
6.1 O(e). In this test, the results were obtained from several load/unload cycles of the 
coupon. Crack 11 and Crack 12 occurred in one tensile loading and there are two 
strain step-changes corresponding to these two cracks (see Figure 6.1 O(a)). However a 
step optical change is only found for Crack II (Figure 6.1 O(a)). Figure 6.1 O(b) and 
Figure 6.10(c) from the digital camera show that only Crack 11 has grown on the 
same side of the hole as the sensor. Figure 6.1 O(d) shows another, and much clearer, 
optical change found in a different tension test of the same coupon at higher strains. 
Unsurprisingly, the crack (Crack 13) had grown on the same side as the embedded 
optical sensor and had passed it, as shown in Figure 6.1 O(e). 
6.5 Further evidence of crack detection using the polarimetric sensor 
The results described in Sections 6.2 and 6.3 showed evidence of crack detection in 
plain coupons and in Section 6.4, coupons with holes were used to show that cracks 
are only detected which passed the sensor. In this section, additional eN-idence is 
provided of crack detection, this time, of cracks which develop in coupons containing 
a hole but where the cracks do not develop from the hole. Additionally, the coupons 
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used here have thicker 0' and 90' plies than the coupons described in Section 6.2 and 
6.3. 
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Figure 6.9 Detection of initial cracks occurred around a circular hole under 
quasi-static loading in Sample 1. 
(a) The responses of strain signal and optical signal when initial cracks occurred 
around the circular hole. 
(b) Video images showing development of Crack 8 around the circular hole. 
(c) Video images showing development of Crack 9 around the circular hole. 
(d) Video images showing development of Crack 10 around the circular hole. 
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Figure 6.9 (continued). Detection of initial cracks occurred around a circular 
hole under quasi-static loading In Sample 1. 
(a) The responses of strain signal and optical signal when initial cracks 
occurred around the circular hole. 
(b) Video images showing development of Crack 8 around the circular hole. 
(c) Video images showing development of Crack 9 around the circular hole. 
(d) Video images showing development of Crack 10 around the circular hole. 
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Figure 6.10 Detection of initial cracks occurred around a circular hole under quasi- 
static loading in Sample 2. 
(a) The responses of strain signal and optical signal when initial Crack II and 
Crack 12 occurred around the circular hole. 
(b) Video images showing development of Crack II around the circular hole. 
(c) Video images showing development of Crack 12 around the circular hole. 
(d) The responses of strain signal and optical signal when Crack 13 occurred 
around the circular hole. 
(e) Video images showing development of Crack 13 around the circular hole. 
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Figure 6.10 (continued). Detection of initial cracks occurred around a circular 
hole under quasi-static loading in Sample 2. 
(a) The responses of strain signal and optical signal when initial Crack II and 
Crack 12 occurred around the circular hole. 
(b) Video images showing development of Crack II around the circular hole. 
(c) Video images showing development of Crack 12 around the circular hole. 
(d) The responses of strain signal and optical signal when Crack 13 occurred 
around the circular hole. 
(e) Video images showing development of Crack 13 around the circular hole. 
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Figure 6.10 (continued) Detection of initial cracks occurred around a circular 
hole under quasi-static loading in Sample 2. 
(a) The responses of strain signal and optical signal when initial Crack II and 
Crack 12 occurred around the circular hole. 
(b) Video images showing development of Crack II around the circular hole. 
(c) Video images showing development of Crack 12 around the circular hole. 
(d) The responses of strain signal and optical signal when Crack 13 occurred 
around the circular hole. 
(e) Video images showing development of Crack 13 around the circular hole. 
Figure 6.11 shows one crack (Crack 14) initiates from the edge of a coupon near an 
embedded sensor. The crack passed the sensor and stopped at about 1/3 of the whole 
coupon width. The load and strain signals of the crack are shown in Figure 6.11 (a). 
The typical strain step-change and load signal fluctuations discussed in the previous 
sections are obtained. The graphs of strain and optical signals plotted against time 
(Figure 6.11 (b)) shows that the optical step-change occurs exactly at the time when 
I the strain step-change is induced. The video images of the time of crack development 
(Figure 6.11 (c)) confirm that the change of strain signal and optical signal coincides 
with the crack development. 
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Figure 6.11 The detection of Crack 14. 
(a) Load and strain response of the coupon to Crack 1.4 
(b) Optical and strain responses to Crack 14. 
(c) Video images showing development of Crack 14. 
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Figure 6.12 shows a transverse crack (Crack 15) that propagated across the width of 
the coupon immediately at a higher strain. In fact, this is exactly the same condition as 
described in Section 6.2.1 , i. e. a transverse crack that propagates across the whole 
width of the coupon, within the gauge length of the sensor and within the gauge 
length of the extensometer. The step-change in strain signal induced by the crack, and 
the load signal fluctuation generated by the fast response ability of the servo-hydraulic 
fatigue test machine, are shown in Figure 6.12(a). A step-change in optical signal 
occurred simultaneously when the step strain change occurred and this is shown in 
Figure 6.12(b). Figure 6.12(c) shows that a transverse crack developed across the 
whole width of the coupon when these signals occur. These graphs show clearly that 
the optical signal change is induced by the crack, or, the transverse crack can be 
detected by checking the optical signal change. 
If Figure 6.12(a) is checked carefully, there are fluctuations of the load and strain 
signals about 0.5 s before Crack 15 developed. However, the strain signal does not 
show a step increase as expected, which implies that the crack which gave rise to 
these signals occurred outside the extensometer gauge length. Hence, the strain signal 
shows the global strain change over the whole length of the coupon induced by the 
fluctuation of the load after the crack developed. In addition, there is no optical signal 
change corresponding to the strain change (Figure 6.12(b)). This indicates that the 
crack was outside the gauge length of the sensor. Unfortunately, there are no pictures 
showing the development of this crack because the video camera was focused within 
the extensometer gauge length. 
Some cracks, which were induced at the other side of the coupon, distant from the 
embedded sensor, did not propagate across the whole width of the coupon and did not 
pass the sensor. Figure 6.13 shows the occurrence of a crack (Crack 16) of this type. 
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Figure 6.12 The detection of Crack 15. 
(a) Load and strain response of the coupon to Crack 15. 
(b) Optical and strain response to Crack 15. 
(c) Video images showing development of Crack 15. 
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Figure 6.13 The detection of Crack 16. 
(a) Load and strain response of the coupon to Crack 16. 
(b) Optical and strain response to Crack 16. 
(c) Video images showing development of Crack 16. 
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Figure 6.13(a) shows the load and strain signals when the crack occurs. There is a step 
increase in strain signal as usual, because the crack develops within the gauge length 
of the extensometer and consequent load signal fluctuations are the same as described 
earlier. However, as expected, there are no corresponding optical step-changes in 
Figure 6.13(b) because the crack does not propagate pass the sensor (Figure 6.13(c)). 
6.6 Discussion 
6.6.1 Theoretical prediction of the step-change in the of strain signals 
It has been shown in previous sections that when a transverse ply crack develops 
during the loading of a cross-ply coupon, there is a step-change increase in the strain 
recorded by the extensometer. Two effects produce the immediate increase in length 
of the coupon. Firstly, the compressive thermal strain within the 00 plies is relaxed 
around the crack producing a lengthening of the specimen. Secondly, in addition to 
this local relaxation of thermal strain, the compliance of the specimen increases as a 
result of crack formation, producing an additional increase in specimen length. 
This small elongation of the coupon due to the formation of a matrix crack under load 
can be predicted by employing the equations in Section 3.6 and the material 
parameters in Table 6.1. For simplicity, it is assumed here that the crack forms 
midway between the extensometer knife edges and midway between two cracks 
100mm apart. In this case, 2s = 100 mm and the abnormal strain distribution induced 
by the two cracks will not affect the output of the extensometer. 
The residual thermal stress in the transverse ply induced by the mismatch of the 
thermal expansion coefficients of the 0' and 90' plies is calculated as oý'= 27.8 MPa 
by equation 3.3 1. The extra displacement as a result of the release of the residual 
thermal stress when a crack forms can be calculated by equation 3.41 and the result is: 
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Table 6.1 Material properties relevant to the unidirectional laminate (after Barton, 2000) 
Property Value 
Longitudinal Young's modulus, Ej(GPa) 39 
Transverse Young's modulus, E2 (GPa) II 
Transverse Young's modulus, E3 (GPa) II 
Shear modulus, G23 (GPa) 4.6 
Shear modulus, G21 (GPa) 5 
Shear modulus, G31 (GPa) 5 
Poison's ratio, V23 0.303 
Poison's ratio, V12ýV13"::::::::: V21, EIIE2 0.326 
Poison's ratio, V21 0.092 
Parameter, AaAT 3.3 X 10-3 
b, thickness of 0' ply, mm I 
d, half thickness of 90' ply, mm 0.5 
*: data from Bassam et al, 1998. 
AT = 0.281 (um) 6.1 
which is independent of the external load applied to the coupon. The extra 
displacement as a result of the increased compliance of the laminate after formation of 
a crack is given by equation (3.38). This displacement is a function of stress on the 
coupon. Inserting the values of the constants, the numerical result is: 
Au = 3.81u (um) 6.2 
where cy is the applied stress (in MPa) on the coupon. So the total displacement on the 
coupon induced by the occurrence of a crack is: 
A= A7 + A' = 3.8 lu + 0.281 (mm) 6.3 
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The displacement is plotted as a function of applied stress Figure 6.14 together ývith 
the experimental results and predicted results for the cracks shown in Figure 6.1 (a), 
Figure 6.4(a) and Figure 6.6(a). The difference between experiment and theory is less 
than 9%. 
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Figure 6.14 Displacement in a coupon induced by a transverse crack 
It should be pointed out that although the additional displacements due to crack 
development can be detected by the extensometer, the resulting change in Young's 
modulus is too small to be detected. The change of Young's modulus after a crack has 
propagate across the whole width of a coupon can be predicted using equation (3.34). 
The predicted change of Young's modulus induced by a single crack is only 0.226% 
for the laminate with properties and dimensions described above. 
6.6.2 The origin of the step- change in the optical signal when a crack passes a sensor 
In the present work, it has been shown that the change in the optical signal 
corresponds to the time when cracks pass the sensor, and this has been confirmed by 
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the experiments on cracks developing from a hole. It is important to speculate about 
the origin of this change in the optical signal. 
As discussed in the previous section, when a transverse ply crack grows across a 
laminate as a result of mechanical loading, there is a step-change increase in the strain 
recorded by the extensometer. If the cracks occur within the extensometer gauge 
length, these changes in length are recorded by the extensometer as a step-change in 
strain, as discussed in detail in Section 6.2.1. The servo-hydraulic testing machine was 
operating under load control, so that when the strain suddenly increased, leading to a 
drop in load, the servo-hydraulic machine corrected the load to the demand signal. 
This fluctuation of load on the coupon generates a global strain change on the coupon. 
These strain changes have two effects on the sensor. First, when a crack develops, 
there is a strain magnification in the 00 ply, adjacent to the crack because the 90' ply 
can no longer carry the local load. In these experiments, the polarimetric sensor was 
positioned close to the 0/90 interface and hence would experience a sudden large local 
change in strain state as a result of the crack passing the sensor (Arjyal et al, 1998). 
Secondly, the global strain change in the coupon induced by the load fluctuation also 
produces a longitudinal strain change in the sensor. Any strain change will contribute 
to the phase change of the sensor's optical output. However, the experimental results 
show that only those cracks that pass the sensor will produce a change in the optical 
output. Cracks that do not pass the sensor or pass the sensor beyond the gauge length 
of the sensor do not produce a change in the optical output. This means that the step 
optical signal changes are induced by the complex interaction between the strain field 
around the matrix crack in the immediate vicinity of the crack tip and the embedded 
sensor. 
The polarimetric sensor is an integrating sensor. This means that any local optical 
phase changes induced by a local strain change will be carried by the sensor to the 
output end. As a result, the magnitude of the change in the optical output as a 
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consequence of the growth of a matrix crack when it passes the sensor depends on the 
integrated effect of the local strain changes on the path d1fference between the "fast" 
and "slow" axes of the sensor. However, there is an added complication: the 
orientation of the "fast" and "slow" axes with respect to the axes of the composite 
changes when the sensor is embedded. The interaction between the crack and the 
sensor is thus a complicated problem. A theoretical prediction for the interaction 
between the sensor and a crack that passes the sensor is provided in detail in Chapter 
10. 
6.7 Conclusions 
A low cost optical fibre system based on a polarimetric sensor has been used to detect 
matrix cracks which develop under quasi-static loading in a cross-ply GFRP 
composite. Unlike previous studies, the transparent nature of the coupons used here 
makes it possible to determine the moments when cracks pass the sensor. There is a 
clear one-to-one relationship between a step-change of optical output and the time 
when the cracks pass the sensor. 
It has been shown that the polarimetric sensor can be made either to be sensitive to 
matrix cracking damage over a particular, short length of the composite or to be 
sensitive throughout the complete length of the composite. Such a sensor therefore 
has the potential for detecting damage in large composite structures since the sensor 
can be very long. 
Detection of cracks around a circular hole in a coupon by polarimetric sensors has 
been carried out. These experiments make it possible to distinguish the effects of 
cracks that pass the sensor and those that do not pass the sensor on the optical output. 
The experimental results indicates that these optical signal changes are induced by the 
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complex interaction between the strain field around the matrix crack in the 90' ply 
and the sensor embedded in the 0' Ply. 
Finally, the changes of strain signal when a crack propagates across the whole width 
of a coupon under load have been predicted successfully using a shear lag model. 
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Chapter 7. Spectrum analysis of the optical output when 
cracks occur adjacent to an embedded sensor in cross-ply 
laminates 
7.1 Introduction 
It is usual, when discussing the response of an interferometric sensor in a material 
without damage, to assume that the phase change, and therefore the number of fringes, 
is linearly proportional to the applied strain. A constant strain rate manifests itself as a 
sinusoidal optical signal with constant frequency. In real time measurements, if the 
strain changes rapidly due to any type of damage, the number of fringes per second, or 
frequency of the sine modulation of the intensity of the optical output, will change 
discontinuously; this consequence of damage on the optical output of interferometric 
optical sensors has been noted previously (Kwon et al, 1997; Tsuda et al, 1999). In the 
present study, it is shown that a band pass FFT (Fast Fourier Transform) filter can be 
employed to enable crack development to be identified readily from the optical 
output. 
7.2 FFT analysis of the optical output 
Fourier's theorem states that a functionf(x), of spatial period, ý, can be synthesized as 
a sum of harmonic functions whose wavelengths are integral submultiples of ý (e. g. 
ý12, ý13, etc. ) (Hecht, 1970). The Fourier transform is a generalization of the Fourier 
series. In a strict sense it applies to the class of continuous and aperiodic functions, 
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but the use of impulse functions permits extending it to discrete signal forms. This 
makes it possible to perform Fourier transforms on discrete experimental data. 
The Fourier transform of a signum function defined as: 
F(t) = sgn (t) =I 
t<o 
7.1 
+1 t>o 
is (Kranlauskas, 1991) 
F(jo» = -j .27.2 0) 
The function, and the frequency spectrum of the function after Fourier transform, are 
shown in Figure 7.1. The figure indicates that the Fourier transform spectrum of the 
function is composed of a series of frequencies extending from almost zero to infinity 
with decreasing amplitude. 
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Figure 7.1 Fourier transfon-n of a signum function. 
(a). A signum function; 
(b). Frequency spectrum of the signum function after Fourier transform. 
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adjacent to an embedded sensor in cross-ply laminates 
As discussed in Chapter 6, the optical response of the polarimetric sensor to a crack 
that passes the sensor is a step-change in the optical output, e. g. the step-changes in 
optical signal in Figure 6.1 (b), Figure 6.2(b), etc. The Fourier component induced by 
the step-changes can be explained in the following simplified model. The 
step-changes in the optical signal when cracks passes the sensor can be taken as the 
superposition of two functions: a step-change in the optical signal, as shown in Figure 
7.2(a) and, a set of regular sine wave optical fringes as shown in Figure 7.2(b). The 
superposed signal is displayed in Figure 7.2(c) with the inset showing the local 
magnification of the step change. 
The Fourier transform of these functions showing in Figure 7.2 are carried out by the 
FFT (Fast Fourier Transform) command in Origing software. The frequency spectrum 
of the function shown in Figure 7.2(a) after the Fourier transform is shown in Figure 
7.3(a). Unsurprisingly, the spectrum is composed of a series of frequencies extending 
from very low frequencies to infinity, with decreasing amplitude, as predicted in 
Figure 7.1 (b). Theoretically, the frequency spectrum of the sine wave shown in Figure 
7.2(b) should be a single spike at the frequency of 112z. However, due to the discrete 
data set used by the software to plot the function, the spectrum is a broadened peak 
instead of a single spike. As expected from the characteristic linearity of the Fourier 
transform, the frequency spectrum of the function shown in Figure 7.2(c) is the 
superposition of frequency spectrums shown in Figure 7.3(a) and 7.3(b), as displayed 
in Figure 7.3(c). 
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Figure 7.2 A simplified model showing the step-change in optical fringes. 
(a) A step change in optical signal. 
(b) A set of sine wave optical fringes. 
(c) Superposition of (a) and (b), showing a step change in optical fringes. 
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Figure 7.3 FFT analysis of the three functions shown in Figure 7.2. 
(a) FFT analysis of the step-change in optical signal shown in Figure 7.2(a). 
(b) FFT analysis of the sine wave optical fringes shown in Figure 7.2(b). 
(c) FFT analysis of the step-change in optical fringes shown in Figure 7.2(c). 
Turning now to the experimental data, in order to identify the optical signature of a 
transverse crack that passes the sensor, the Fourier transform is carried out on a set of 
experimental data using the FFT command of the ORIGINO program. In the first 50 
seconds of the under consideration test, no cracks developed. During the time between 
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140 seconds to 180 seconds of the test, five cracks developed within the sensor gauge 
length, which were counted by visual observation. 
Figure 7.4(a) shows the strain signal and optical signal plotted against time during the 
first 50 seconds of this experiment. The rate of increasing strain was reduced with 
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Figure 7.4 Experimental results from a cross-ply coupon. 
(a). Strain and optical signal in the time range of 0 seconds to 50 second when 
no cracks occurred. 
(b). Strain and optical signal in the time range of 140 seconds to 180 second 
when 5 cracks developed. 
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time during the test, firstly after 5 seconds and then after 8 seconds, to obtain long 
time intervals between the development of the transverse cracks. Not surprisingly, the 
frequency of the optical output reduces at the lower strain rate. Figure 7.4(b) sho"'s 
the optical and strain responses of the sensor during the time range from 140 seconds 
to 180 seconds in the same experiment when 5 cracks developed. Due to the small 
change of the strain signal (about 0.025%) during this period, the phase change of the 
optical signal is only about 7r. However, there are some large fluctuations i in the strain 
signal, e. g. at time of 154.3 seconds, 165.7 seconds and 175.3 seconds. These 
fluctuations suggest that transverse cracks had developed during these 40 seconds, 
especially the two step-changes at 154.3 seconds and 165.7 seconds which suggest, 
following Section 6.2, that there were two transverse cracks developed within the 
extensometer gauge length. The expected corresponding changes in the optical signal 
are not very clear due to the noisy environment, but as described below, use of the 
FFT method enables the time when each crack occurred to be determined. 
FFT analysis of the optical and strain signals shown in Figure 7.4(a), i. e. when no 
crack occurred, are presented in Figure 7.5(a) and Figure 7.5(b) respectively. The FFT 
analysis of optical signal shows peaks at about 20 Hz, 50 Hz, 75 Hz, 100 Hz, 150 Hz, 
200 Hz, 320 Hz and a collection of peaks at about 65 Hz. The spectrum also contains 
strong contributions from low frequencies (< 5 Hz) due to the irregularity of the 
experimental optical fringes. Compared with the optical spectrum, the FFT analysis of 
strain spectrum is much cleaner. In Figure 7.5(b), there is only one peak at about 320 
Hz despite the contributions of low frequencies. Since the strain signal was recorded 
by the extensometer and was controlled by the load signal, the peak at 320 Hz may be 
ing machine, for example, the vibration of valves that control the induced by the testi II 
hydraulic system. The same peak at 320 Hz is found in the Optical spectrum, 
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indicating that the vibration of the strain signal generates a corresponding vibration 
with the same frequency in the optical output. The other peaks in the optical spectrum 
might be induced by the optical system, for example, the laser source, the optical 
detector, etc. 
The results of FFT analysis of the optical and strain signals shown in Figure 7.4(b), i. e. 
five crack occurred, are displayed in Figure 7.6(a) and Figure 7.6(b) respectively. The 
optical spectrum and the strain spectrum are almost identical to those shown in Figure 
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Figure 7.5 FFT analysis of the optical and strain signals shown in Figure 7.4(a). 
(a) FFT analysis of the optical signal. 
(b) FFT analysis of the strain signal. 
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7.5, although there are some small changes in the amplitudes of the peaks. This 
suggests that the step-changes in the optical and strain signals will not generate 
additional peaks, even at high frequencies. However, as discussed earlier, the Fourier 
series of step-changes has contributions throughout whole frequency range, Including 
at higher frequencies. The reason why those frequencies cannot be obtained from 
Figure 7.6 is because the figure provides information about the contributions of 
different frequencies to the spectrum of the whole time range. The contributions of the 
step-changes will merge with the original information and cannot be picked out, e. g. 
the signal to noise ratio is small. 
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Figure 7.6 FFT analysis of the optical and strain signals shown in Figure 7.4(b). 
(a) FFT analysis of the optical signal. 
(b) FFT analysis of the strain signal. 
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pass FFT filter has been applied to the set of optical data shown in Figure 7.4(b) 
during the period when 5 cracks passed the sensor and the results are shown in Figure 
7.7. It is clear that five peaks emerge: at 143.7 seconds, 145.8 seconds, 154.3 seconds, 
165.7 seconds and 175.3 seconds. Careful inspection of the optical signals, which will 
be shown later, together with fluctuations of the load and strain signals, shows that 
step-changes can be found at these times, suggesting that the cracks had propagated 
past the sensor at these particular times. The Fourier filtering process has enabled the 
contributions of the step-changes to the frequency spectrum to be distinguished from 
the original information. 
The amplitudes shown in Figure 7.7 are the contributions of all the frequencies higher 
than 50 Hz to the amplitudes of the five peaks. To distinguish the contributions of 
different frequency components to the spectrum, different band-pass FFT filters have 
been applied to the set of optical data shown in Figure 7.4(b) and the results are 
shown in Figure 7.8. The contribution of lower frequencies to the five peaks, for 
example, frequencies lower than 100 Hz, is relative high. This is shown in Figure 
7.8(a) which employ a band pass filter in the range 5 to 50 Hz and Figure 7.8(b) 
which employ a band pass filter of 50 to 100 Hz. However, due to the existence of 
other noise frequencies lower than 100 Hz, i. e. the frequencies seen in spectrum of 
Figure 7.6(a) at 25 Hz, 50 Hz and the band of frequencies around 65 Hz, the five 
peaks corresponding to the formation of the five cracks are not easily identified. 
When the band pass filter moves to higher frequencies (100 - 150 Hz, 150 - 200 Hz, 
200 - 250 Hz, 250 - 300 Hz), the five peaks are easier to recognise, especially 
in 
Figure 7.8(c) and Figure 7.8(d), for which the band pass filter is between 100 Hz and 
200 Hz. When the frequencies of the band pass filter are higher than 250 Hz, the 
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Figure 7.8 Band pass FFT filtered optical signal shown in Figure 7.4(b). 
(a). 5- 50 Hz; (b). 50 - 100 Hz; (c). 100 - 150 Hz; 
(d). 150 - 200 Hz; (e). 200 - 250 Hz; (f). 250 - 300 Hz; 
amplitudes of the five peaks are reduced to the level of noise and can hardly be picked 
out, as shown in Figure 7.8(f). 
Contributions of different bands of frequencies to the amplitudes of the five peaks 
shown in Figure 7.8 are plotted in Figure 7.9. In this figure, the amplitude of each of 
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the five peaks for the different frequency ranges is plotted against the mean value of 
the frequency range. The figure shows that Fourier transform spectrum of the 
step-changes in the optical signal is composed of a series of frequencies. The 
contributions of different frequencies decrease when the band of frequencies analysed 
is moved to higher values, as predicted in Figure 7.1 (b). Note that in Figure 7.9, each 
data point presents the contribution to the amplitude of the peak by a band of 
frequencies of 50 Hz wide (45 Hz for the first column of the data). 
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Figure 7.9 Contributions of different frequencies to the five peaks shown in 
Figure 7.7. 
The complete FFT band pass filtered results for the optical output signal shown in 
Figure 7.4(b) (when 5 cracks have passed the sensor) are shown in Figure 7.1 O(a). The 
lower frequency of the band pass filter was chosen to be 100 Hz to block out 
irrelevant frequencies, and the higher frequency was chosen to be 300 Hz to obtain 
good signal/noise ratio. The load and strain signals for the cracks, together with the 
optical output for each crack 
(labelled A to E) are shown In Figure 7.10 (b) to 7.100). 
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Figure 7.10 Transverse crack detection by an embedded polarimetric sensor 
(a) Band pass filtered optical signal 
(b) The load and strain signals of Crack A and Crack B. 
(c) The optical and strain signals of Crack A. 
(d) The optical and strain signals of Crack B. 
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Figure 7.10 (continued) Transverse crack detection by an embedded polarimetric 
sensor. 
(e) The load and strain signals of Crack C; 
(f) The optical and strain signals of Crack C; 
(g) The load and strain signals of Crack D; 
(h) The optical and strain signals of Crack D; 
(1) The load and strain signals of Crack E; 
0) The optical and strain signals of Crack E. 
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It is clear from these figures that there is a one-to-one relationship between the FFT 
band pass filtered optical signal and the development of matrix cracks. As discussed 
in Chapter 6, the fluctuations of the load and strain signals when the cracks developed 
indicate the positions of the crack with respect to the sensor and extensometer gange 
length. For example, Crack C and Crack D are within extensometer gauge length 
indicated by the step change of strain signal; whereas Crack A, Crack B and Crack E 
are outside the extensometer gauge length but within the sensor gauge length. 
In order to demonstrate the use of the FFT technique further, the same FFT band pass 
filter (i. e. having the same upper and lower frequencies) has been applied to the 
optical output of the crack shown in Figure 6.1 (Crack 1). The result, shown in Figure 
7.11 , 
identifies the time of crack formation clearly. Similarly, Figure 7.12 shows the 
band pass FFT filtered optical signals (again with the same parameters) for Crack 14 
and Crack 15 shown in Figure 6.11 and Figure 6.12 (the coupon has a circular hole). 
The results show that the moments when cracks passed the sensor can again be clearly 
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Figure 7.10 FFT band pass analysis of Crack I (shown in Figure 6.1) 
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Figure 7.11 FFT band pass analysis of Crack 14 (shown in Figure 6.11) and 
Crack 15 (shown Figure 6.12). 
identified. Hence, it has been shown that , this optical system, together with the 
FFT 
technique described, has the potential to detect cracks in composite structures in real 
time. 
7.4 Conclusion 
The optical output signals have been analysed using the FFT function in Origin 
V 
software. The results show when a crack passes adjacent to an embedded sensor, 
components of high frequencies emerge in the Fourier spectrum as a consequence of 
the step-change in the optical signal induced by the crack. 
The times when the high frequencies occur can be obtained from a FFT band pass 
filter analysis and hence the time when cracks occur can be identified. The success of 
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this technique shows that it should be possible to detect transverse cracks in a 
composite structure in real time using an embedded polarimetric sensor. 
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Chapter 8. Detection of matrix cracking damage in double 
cross-ply laminates under tensile and bending loading 
8.1. Introduction 
It has been shown that cracks which develop under quasi-static tensile load in a 
simple cross-ply laminate can be detected by an embedded polarimetric sensor in 
Chapter 6 and Chapter 7. In this chapter, experiments are carried out to test the 
polarimetric sensor's ability to detect cracks under more complex conditions. 
In this chapter, the results of tests on a laminate with a different lay-up, i. e. 
(0/90/90/0/90/90/0), are described. Coupons from this laminate have been tested in 
tensile loading (when cracks develop in both set of 900 plies) and in four-point 
bending (when cracks develop in the 90' plies put into tension). Detection of cracking 
is described in tension and four-point bending tests when a polarimetric sensor is 
located in a 0' ply near the 0/90 interface. 
8.2 Crack detection in double cross-ply coupons loaded in simple tension 
A laminate with the configuration of (0/90/90/0/90/90/0) was manufactured, as 
described in Section 4.2, with polarimetric sensors in one of the outer 0' plies, near 
the 0/90 interface. Coupons cut from the laminate were tested under quasi-static 
tensile load. The coupons were loaded to increasing higher values of applied load, and 
unloaded after each test. During loading, transverse cracks were induced in both sets 
of 90' plies, so that in one set of 90' plies, the cracks passed the sensor in the adjacent 
0' ply, and cracks in the other set of 
900 plies were separated from the sensor by the 
central 00 ply and the second set of 
900 plies. The results show that only those cracks 
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which developed in the set of 90' plies adjacent to the sensor could be detected. The 
following results illustrate these findings. 
Figure 8.1 to Figure 8.3 show the development of three cracks and the associated load 
and optical outputs. Figure 8.1 (a) shows the load and optical output for a specimen 
loaded to a peak load of 10.5 kN in 20 seconds and then unloaded. The step change of 
optical signal in Figure 8.1 (a) at about 19.9 seconds suggests that a crack (Crack 1) 
has passed the sensor. This is confirmed by Figure 8.1(b) which shows two 
consecutive pictures of the coupon at this time separated by 0.02s. In the upper picture, 
the crack has propagated about 1/3 of the way across the coupon, and the crack has 
passed the sensor in the lower picture. The load signal does not show a distinct 
fluctuation at this time and this is believed to be because of the step growth of the 
crack. By contrast, Figure 8.2(a) shows the development of a second crack (Crack 2) 
which formed after 17.9 seconds and at a higher load than for Crack 1. For Crack 2 in 
Figure 8.2(a) the load signal fluctuation has no corresponding change in the optical 
signal, although Figure 8.2(b) and Figure 8.2(c) confirm that this is the time when 
Crack 2 developed. Part of Figure 8.2(c) has been magnified to show that Crack 2 
occurred in almost the same plane as Crack 1, which suggests that Crack I and Crack 
2 occurred in the two different sets of 90' plies. The results for a third crack, Crack 3, 
are shown in Figure 8.3. In this case, a step optical change is detected for the crack 
(see Figure 8.3(a)). Figure 8.3(b) and Figure 8.3(c) show that Crack 3 developed very 
close to Crack I and Crack 2. Subsequent observations made on the coupon after 
unloading showed that Crack I and Crack 3 had developed in the same set of 900 plies 
and that these 90' plies were the plies adjacent to the 0' ply which contained the 
embedded sensor. 
All of the results on the double cross-ply ply laminate coupon show the same effect, 
i. e. that cracks in the set of 90' plies adjacent to the sensor can be detected, but cracks 
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Figure 8.1 Detection of Crack I in double cross-ply coupon. 
(a) Optical output and load signal of Crack 1. 
(b) Video images showing the propagation of the crack. 
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Figure 8.2 Detection of Crack 2 in double cross-ply coupon. 
(a) Optical output and load signal of Crack 2. 
(b) Video image showing the moment before Crack 2 occurred. 
(c) Video image showing the moment after Crack 2 occurred. 
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Figure 8.3 Detection of Crack 3 in double cross-ply coupon. 
(a) Optical output and load signal of Crack 3. 
(b) Video picture showing the moment before Crack 2 occurred. 
(c) Video picture showing the moment after Crack 2 occurred. 
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in the other set of 90' plies can not be detected. As suggested in Chapter 6, it is 
believed that the step change of optical output is induced by the Strain magnIfication 
produced in the 0' ply as a crack grows past the sensor. In the double cross-ply 
coupons, if the crack occurs in the transverse ply next to the 0' ply with the embedded 
sensor, the sensor can detect the local strain change when the crack propagates past 
the sensor. When the crack is in the other set of 90' plies, the enhanced strain field 
around the crack tip is shielded by both the central 0' ply and the second set of 90' 
plies. As a consequence, the sensor cannot detect cracks in the far set of 90' plies. 
In the following sections, tests on the same laminate configuration in bending are 
described. Firstly, in Section 8.3, the use of extensometer to measure strains in 
bending is discussed. In Section 8.4, results on crack detection using the polarimetric 
sensor in bending are described. 
8.3 Use of an extensometer to measure strain in bending 
8.3.1 Introduction 
The measurement of strain in a four-point bending test is not as simple as in a tensile 
test. The strain of a ply in the coupon changes with its relative position to the neutral 
axis, where the longitudinal strain is zero. When a coupon is bent, the plies on one 
side of the neutral axis are under tension, and the plies on the other side are under 
compression. Clearly the strain in a four-point bend test can be monitored using strain 
gauges on the concave and convex faces of a coupon. However, since a reasonably 
long gauge length is required in these tests for experiments using a polarimetric 
sensor, together with the possibility of monitoring strain in fatigue tests and continuity 
with previous testing, an extensometer appears to be a good choice. The conversion of 
the extensometer reading to a tensile strain reading at the position of the polarimetric 
sensor requires some analysis to be carried out. 
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8.3.2. Analysis of the use of an extensometer in a four-point bending test 
The experimental set-up of the four-point bending tests has been shown in Figure 4.7 
and a part of a coupon, AA'C'C, within the constant bending moment region, is shown 
schematically in Figure 8.4(a). In the figure, if the extensometer is attached to the 
convex face of the coupon, the two knife edges of the extensometer attach to the 
surface at point A and A'. If the extensometer is attached to the concave face of the 
coupon, the two knife edges of the extensometer attach to the surface at point C and C'. 
C C, 
5 
................................................................................................. 
A A' 
(a) 
n 
A 
M 
(b) 
AI 
Figure 8.4 The geometry of the extensometer and the coupon. 
(a) Part of the coupon with a length of 50 mm before bending. 
(b) Part of the coupon with a length of 50 mm. after bending. 
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Before the bending test starts, AA'= BB'= CC'= 50 mm, where 50 mm is the gauge 
length of the extensometer. After bending, AA', BB'and CC'in Figure 8.4(a) become 
curves AMA', BPB' and CQC' in Figure 8.4(b) respectively. The length of AA' and 
CC' changes, while BB', which is the neutral axis of the coupon, does not change. 
The extensometer measures the length of the straight line AA' or CC' in Figure 8.4(b), 
depending upon whether the extensometer is fixed below or above the coupon. . 
When the extensometer is attached above the neutral axis, then: 
I- 
0 
BP L12 (8.1) 
OB R 
and 
CS = OC sin 0= (OB-BC) sin 0= (R-d) sin 0= L'12 (8.2) 
where L12 is half of the gauge length of the extensometer, L'12 is half of the new 
length of the extensometer as a result of the bending, R is the radius of curvature of 
the beam (R = OB) and d= AB = BC is half of the thickness of the coupon. 
Combining equation (8.1) and (8.2), equation (8.3) is given as: 
L/2 L'I 2 
sin( 
R R-d 
(8.3) 
In equation (8.3), L is half of the gauge length of the extensometer, (i. e. 25 mm), d can 
be measured, L'can be calculated from the strain signal recorded by the extensometer, 
so the radius of curvature, R can be obtained. The longitudinal strain at any position, y, 
inside the coupon can be calculated (e. g. Meriam, 1978): 
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(8.4) 
where R is the radius of curvature, y is the distance to the neutral axis, and y is 
measured as positive in the direction of PO in Figure 8.4(b). 
Similarly when the extensometer is attached to the convex face of the coupon, the 
following equation results: 
L/2 AN 
sin( ") =-= R OA 
L'I 2 
R+d 
(8.5) 
Equation 8.3 and 8.5 can also be used to find the flexural modulus of the coupon. In 
four-point bending, we have: 
MR = Ely (8.6) 
where M is the applied bending moment (which can be calculated from the applied 
load and dimensions of the coupon), E is the flexural modulus of the coupon, I, is the 
2nd moment of area of the cross-section (which can be calculated) and R is the radius 
of curvature. 
Since R can be obtained from Equation 8.3 or Equation 8.5, depending on where the 
extensometer is attached, E can be calculated. Due to the characteristics of an 
extensometer, the flexural modulus of a coupon can be monitored in real time, 
especially when the flexural modulus reduces with increasing crack density during, 
for example, fatigue tests. In addition, when a cracked sample is unloaded, the 
readings from the extensometer can be used to calculate the residual beam curvature 
due to the cracking. This curvature is a consequence of the relaxation of thermal stress 
in the vicinity of the matrix cracks 
(Smith and Ogin, 1999). 
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8.3.3 Solution of the expressions when an extensometer is used in a four-point 
bending test 
The accurate value of R in Equations (8.3) and (8.5) can be solved using Maple 8 
software, for example, using the fsolve command. However, the data recorded by the 
computer controlling the test machine always contains thousands of lines of strain 
data, which means that thousands of R values will be calculated, and the fsolve 
command is not practicable. To obtain R values in real time, a combination of Mapleo, 
Excelo and some approximations in the calculation are needed. 
With regard to the approximations, the left side of equation (8.3) is expanded first, 
ignoring powers higher than 3: 
sin( 
L12 L12 (L12)' 
- 
L'I 2 (8.7) 
RR 6R' R-d 
The roots of equation (8.7) are then obtained using Maple @ software (see Appendix 
A). Three roots are obtained, of which only one is reasonable. The conversion of the 
extensometer reading of strains to the strains at the position of the sensor in the 
laminate is carried out using Excelo (see Appendix B). 
An example of the results is shown in Table 8.1. The first three columns, time (in 
seconds), load (U) and strain measured by the extensometer (%), are real 
experimental data obtained from the fatigue machine. R is the radius of curvature, and 
the strain at the position of the sensor, -,, is computed in the last column. Only input 
data and final results are shown in the Table. The complete expressions and other 
internal functions for the computation are shown in Appendix B. 
Similar calculations are carried out for equation 8.5, when the extensometer is 
attached below the natural axis of the coupon, 
following the same procedure. 
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Table 8.1 Conversion of extensometer measurements to sensor strains 
Time 
(S) Load (kN) 
Extensometer 
strain 
Curvature, R 
(mm) I /R (mm-') 
Longitudinal strain at 
position of embedded 
sensor, C,, (%) 
0.01 4.71 E-03 -4.62E-02 3.98E+03 2.51 E-04 3.14E-02 
0.5 -1.46E-03 -4.66E-02 3.95E+03 2.53E-04 3.16E-02 
1.0 -2.67E-03 -5.11 E-02 3.61 E+03 2.77E-04 3.47E-02 
1.5 -9.36E-03 -5.58E-02 3.30E+03 3.03E-04 3.78E-02 
2.0 -1.42E-02 -6.08E-02 3.04E+03 3.29E-04 4.12E-02 
2.5 -1.95E-02 -6.67E-02 2.78E+03 3.60E-04 4.50E-02 
3.0 -2.02E-02 -7.28E-02 2.55E+03 3.93E-04 4.91 E-02 
3.5 -2.25E-02 -7.92E-02 2.35E+03 4.26E-04 5.33E-02 
4.0 -2.69E-02 -8.55E-02 2.18E+03 4.59E-04 5.74E-02 
4.5 -3.20E-02 -9.17E-02 2.03E+03 4.92E-04 6.15E-02 
5.0 -4.07E-02 -9.81 E-02 1.90E+03 5.25E-04 6.56E-02 
The fsolve command in Mapleo mentioned above makes it possible to obtain an 
accurate solution of the equations without the need for the approximation. Though 
this is not practicable for large amount of data, it is helpful to check the errors 
introduced using the approximate solution. The comparisons for three strain readings 
from the extensometer are shown in Table 8.2. 
Table 8.2 Error checking of equation (8.7) 
Accurate 
Results 
results 
calculated 
Strain readings of L'/2 L/2 d i calculated Error 
the extensorneter (mm. ) (mm) (mm) 
us ng by Maple 
approximation (fsolve) 
R, (mm) 
R, (mm) 
16% 21 25 1.5 29.99 29.55 1.50% 
8% 23 25 1.5 46.08 45.83 0.56% 
0.4% 24.9 25 1.5 434.70 434.69 0.002% 
In the experimental work, the strain seen by the extensometer is not larger than 8%. 
Hence the error introduced by the approximation used in equation (8.7) will not be 
bigger than 0.56%, which is acceptably small. 
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8.3.4 Position of the extensometer 
In the experiments using an extensometer to monitor the strain in bending, the 
extensometer can be attached to the convex face (lower face of the coupon) or the 
concave (upper face of the coupon). If the extensometer is attached to the convex face 
of the coupon, then the relationship between the new half-length of the extensometer 
and the radius of curvature is given by: 
L'I 2= (R + d) sin( 
L12 
R 
(8.8) 
This function is plotted in Figure 8.5 in which L'12 has been converted into strain and 
L12=25mm, d=1.5mm. 
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0.0 
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-0.4 
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-0.6 
-0.8 
-1.0 
-1.2 
-1.4 
Figure 8.5 Change of strain with R when extensometer is attached to 
the convex face of the coupon. 
From Figure 8.5, it is clear that there is no one to one relationship between strain seen 
by the extensometer and radius of curvature. As the coupon bends, R first decreases 
and the strain increases. When R becomes smaller than about 100mm, the strain 
begins to decrease. As a consequence, one strain output from the extensometer may 
correspond to two reasonable coupon rad" 
The calculation results from Maples show 
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that when the strain output from the extensometer is 0.4% (L'12=25.1 mm), the three 
roots calculated by Maple a are: 
R, = -1.46881 mm 
R2 
= 94.22609 mm 
R3 
=- 282.24272 mm 
(8.9) 
of which two roots are reasonable, 94 mm and 282 mm. The ambiguity suggests that 
attaching the extensometer to the convex side of the coupon will be problematic if 
unambiguous strain readings are to be made. 
When the extensometer is attached to the concave side of the coupon, the relationship 
between the recorded strain and radius of curvature is shown in Figure 8.6. The figure 
shows that for an extensometer attached to the upper surface of the coupon, there is a 
one-to-one relationship between the extensometer output and the radius of curvature. 
Calculations carried out using Mapleg show that for an extensometer strain of 0.4%, 
there are two positive roots from the results. However one root (R=1.469 mm) is 
obviously unreasonable. 
0 
-1 
-2 
8ý', 
c13 
-5 
-6 
-7 
mm 
Figure 8.6 Change of strain with R when extensometer is attached to the 
concave face of the coupon. 
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R, = -61.16948mm 
R2 
= 1.46905mm 
R3 
= 434.70044mm 
(8.10) 
The physical reason for the difference between the curves shown in Figure 8.5 and 
Figure 8.6 can be explained using Figure 8.4. Before a four-point bending test starts, 
what the extensometer measures is the length of AA' or CC' in Figure 8.4(a), and 
AA'=BB'=CC'=L=50mm, where L is the gauge length of the extensometer. After the 
bending test has started, what the extensometer measures is the straight line CSC' 
(extensometer attached to the upper surface) or the straight line ANA' (extensometer 
attaches to lower surface), as shown in Figure 8.4b. The strain signal generated by the 
extensometer is calculated as: 
ANA'-BPB' 
-6convex fip-P 
CSC'-BPB' 
-cconcave 
BPB' 
(8.11) 
When the extensometer is attached to the convex face of the coupon, ANA' first 
increases and then decreases compared with BPB', so there is a peak in Figure 8.5 
and one strain reading may correspond to two reasonable radii of curvature. When the 
extensometer is attached to the concave face of the coupon, CSC always decreases 
with decreasing curvature. Hence, there is a one-to-one relationship between strain 
output and radius of curvature (as shown in Figure 8.6). 
In conclusion, this analysis has shown that in the real tests, the extensometer should 
be attached to the upper surface of the coupon. The experimental arrangement is 
shown in Figure 8.7. The lower supports are mounted on the actuator of the machine, 
while the upper supports are connected to the crosshead. Hence, during the text, it is 
the lower supports (i. e. the outer rollers) which move. 
8.3.5 Analysis of the bend test applied to real experimental data 
An example of the conversion of the raw data using the extensometer positioned 
above the specimen (on the concave side) 
is now given to show the of 
164 
Chapter 8. Detection of matrix cracking damage in double cross-ply laminates 
under tensile and bending loading 
\ 
\ 
-k7 ' 
Figure 8.7 Experimental setup of four-point bending test. 
the analysis. The fatigue machine was operated in position control mode, and the 
recorded strain signals and load signals as a function of time in the four-polnt bending 
test are shown in Figures 8.8(a) and 8.8(b), respectively. In this test, the lower 
supports moved 3 mm upward from the unloaded position in a time of 20 seconds, 
applying (as Figure 8.8(b) shows)a compressive load of ISO N to the coupon, and then 
unloading over a further 5 seconds. 
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Figure 8.8 Original recorded experimental data during a four-point bending test 
(a) Extensometer strain signal as a function of time 
(b) Load signal as a function of time 
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Using equation 8.5, the radius of curvature, R, can be derived as a function of time 
and this is shown in Figure 8.9. The longitudinal strain at the position of the sensor as 
a function of time can be calculated using equation (8.4) and this is shown in Figure 
8.10. During the test, the extensometer was attached to the upper surface of the 
coupon, so the strain signals from the extensometer were negative. However, since the 
sensor itself was below the neutral axis of the coupon, the converted strain signals at 
the position of the embedded sensor are positive. 
3500 
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1500 
1000 
500 
Figure 8.9 Calculated radius of curvature of the coupon as a function of time. 
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Figure 8.10 Converted longitudinal strain at the position of the embedded sensor 
as a function of time 
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The analysis carried out above was used to determine the longitudinal strain at the 
position of the sensor in the four-point bending tests (see Section 8.4). However, as an 
aside, the flexural modulus of the coupon can also be derived straightforwardly from 
this analysis. For a coupon subjected to a bending moment, M, the relationship 
between the flexural modulus, E, radius of curvature, R, and second moment of area, 
IX, is: 
I 
R Ix 
Differentiation of both sides with respect to time gives: 
I 
d- 
RI dM E- 
dt Ix dt 
A plot of IIR verses time, t, is shown in Figure 8.11. Now, in the test considered here, 
d(]IR)Idt is the gradient of the straight line in Figure 8.11 and dMIdt can be calculated 
from the gradient of load-time plot in Figure 8.8(b). The flexural modulus of the 
coupon can now be determined from equation (8.13) since M=FL, where F is half of 
the load signal in Figure 8.8(b), and L is the distance between the outer roller and 
inner roller. The measured flexural modulus in bending of the coupons with a lay-up 
of (0190210190210) was found to be 32.5±1.0 GPa. This can be compared with the 
theoretical prediction of the flexural modulus of the laminate calculated using the 
method of Smith and Ogin (1999). In this analysis, the modulus is given by: 
E 
219E, +139E, 
343 
(8.14) 
When E, == 39 GPa and 
E2 =I I GPa, then the predicted value is 28.9 GPa. The 
difference between the theoretical value and the experimental value is likely to 
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Figure 8.11. Reciprocal of the radius of curvature of the coupon as a 
function of time under four-point bending 
because that the 0' plies and 90' plies do not have the same thickness as assumed in 
the prediction (the 0' plies are about 10% thicker than the 90' plies). 
8.4. Crack detection in four-point bending tests on a double cross-ply laminate 
This section describes crack detection experiments using a double cross-ply coupon 
tested in bending. When coupons cut from the laminate are under four-point bending, 
cracks develop in the 90' ply which is under tension. Firstly, the response of the 
embedded polarimetric sensor under bending is discussed. 
8.4.1 Basic response of the embedded polarimetric sensor under four-point bending 
Sensors were embedded in two positions in the laminate, either in the outer 0' ply 
near the surface at the 0/90 interface or in the central 0' ply, near a 0/90 interface. 
During all the tests, the extensometer was attached to the top (i. e. concave) surface of 
the coupon, as discussed in Section 8.3. In the four-point bending tests, when the 
sensor was above the neutral axis, the sensor was put into compresslon. With the 
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coupon inverted so that the sensor was below the neutral axis, the sensor was, of 
course, put into tension during loading. As will be seen below, In both circumstances, 
optical fringes were obtained even though the shapes of the fringes were different. 
Figure 8.12 shows the response of the polarimetric sensor to four-point bending tests 
under quasi-static load. The sensor in the figure was positioned outside of the lower 
90' ply. The response of the sensor when the sensor was below the neutral axis is 
shown in Figure 8.12(a) and Figure 8.12(b). In this case, the sensor is loaded in 
longitudinal tension. Figure 8.12(a) shows the optical fringes from the sensor when 
the optical signal is plotted against the strain signal generated by the extensometer. 
The specimen has been loaded, so that the extensometer strain increases from 0% (no 
load) to about -1% and then unloaded to 0% extensometer strain again. With the 
sensor below the neutral axis, the sensor is, of course, loaded in longitudinal tension. 
About 13 fringes are produced and the fringes are reproducible, with minor variations, 
for loading and unloading. Figure 8.12(b) shows the optical fringes obtained when the 
optical output is plotted against the strain at the position of the sensor calculated using 
the analysis in Section 8.3.3. By inverting the coupon, the same embedded sensor 
could be tested positioned above the neutral axis i. e. it was now loaded under 
longitudinal compression. The optical fringes obtained in this case when the optical 
signals are plotted against the strain from the extensometer are shown in Figure 8.12(c) 
and when plotted against the strain at the position of the sensor are shown in Figure 
8.12(d). The optical fringes are similar to the fringes recorded when the sensor was in 
tension. For completeness, the same coupon was loaded under simple quasi-static 
tensile loading, and the fringes as a function of strain are shown in Figure 8.12(e). 
The strain in the 0' ply changes with the distance from the neutral axis and so does 
the strain in the optical core of the embedded sensor. For the sensor shown in Figure 
8.12, the sensitivity of the sensor when the sensor was under tension in four-point 
bending was 250 ±5 rad/mm; under compression in four-point bending, the value was 
214 ±5 rad/mm; and under quasi-static tensile load the value was 238 ±5 rad/mm. 
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Figure 8.12 Optical response of polarimetric under quasi-static four point bending. 
(a) Optical output vs. strain signals from extensometer (the sensor is below the 
neutral layer). 
(b) Optical output vs. strain at the position of the sensor (the sensor is below the 
neutral layer). 
(c) Optical output vs. strain signals from extensometer (the sensor is above the 
neutral layer). 
(d) optical output vs. strain at the position of the sensor (the sensor is above the 
neutral layer). 
(e) optical output Vs. strain in quasi-static tensile test. 
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The sensitivities of the sensor are unlikely to be the same when the sensor is loaded in 
different circumstances, although the precise reason for the differences here is unclear 
With regard to crack detection, it was founded experimentally that when tested in 
bending, the true strain at the position of the sensor had reached 0.6% before any 
cracks occur for the sensors embedded in the lower set of 0' plies, near the 0/90 
interface. This is the upper limitation of the strain to remain the embedded sensor 
unbroken. Hence, when the sensor is used to detect transverse cracks, as discussed in 
Section 8.4.2, the sensor is always positioned in the central 0' ply, near the lower 0/90 
interface. 
Although not used in the crack detection experiments here, It has been demonstrated 
in further experiments that the polarimetric sensor can be used in fatigue tests in four- 
point bending. Some results are shown in Figure 8.13. The fatigue machine was 
controlled using position control mode and the load signal and optical signal for a 
short fatigue test (duration 10 seconds) are plotted against time in Figure 8.13(a). A 
magnification of Figure 8.13(a), between 8 seconds and 12 seconds, is shown in 
figure 8.13(b). The fatigue machine was run at I Hz with the actuator moving from 
the unloaded position of the specimen between 3 mm and 9 min in compression, with 
a mean position of 6 mm in compression, and a saw-tooth control waveform. The 
machine first ramped the position to 6 mm (equivalent to a compressive load of about 
-0.3 kN) over the first 5 seconds and then cycled the position between 3 mm and 9 
mm at I Hz for the next 10 seconds, before unloading over the following 5 seconds. 
As can be seen in Figure 8.13(a), the frequency of the optical fringes increases 
dramatically during the cyclic part of the tests. Figure 8.13(b), showing 4 seconds of 
cycles, indicates that there are approximately II fringes for each 1/2 of the saw-tooth 4 
loading cycle and that the fringes are reasonably reproducible. When the optical 
signals are plotted against the strain at the position of the sensor 
(rather than against 
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Figure 8.13 Optical response of polarimetric under fatigue four point bending test. 
(a) Optical output vs. time and load signal vs. time in a fatigue four-point bending 
test. 
(b) Optical output vs. time and load signal vs. time in a fatigue four-point bending 
test (from 8 seconds to 12 seconds). 
(c) Optical output vs. strain at the position of the sensor in a fatigue four-point 
bending test. 
time), the expected reproduction of fringes is obtained (see Figure 8.13(c)). These 
tests demonstrate that the polarimetric sensor could be used to monitor strain changes 
for four-point bending fatigue tests. 
8.4.2. Crack detection in four-point bending using the polarimetric sensor 
It was found here in early experiments that under quasi-static four-point bending load, 
the cracks initiate from one edge of the coupon and propagate slowly across the whole 
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width of the coupon with increasing load. Additionally, the first cracks always initiate 
near the rollers. When a crack forms in bending in these coupons, the maximum crack 
opening would be expected to occur near the outer 0' ply near the 0/90 interface and a 
smaller crack opening at the inner 0/90 interface, as shown schematically in Figure 
8.14. 
neutral axis 
crack 
Actual position of the 
k,: ý/ 
g ply o. 
e embeidded sensor e, 
C C 
I I 
Optimum position of 
the embedded sensor .......... 
90' ply 
Figure 8.14 A schematic graph showing the difference of change of 
strain between upper 0/90 interface and lower 0/90 interface 
To detect a transverse crack which develops in four-point bending, the optimum 
position to embed a sensor would therefore be to put the sensor in the 0' ply near the 
outer 0/90 interface, as shown in Figure 8.14. However, as discussed in Section 8.4.1, 
the sensor had to be embedded near the inner 0/90 interface to remain unbroken at the 
strains when the cracks developed (marked as the actual position in Figure 8.14). As a 
consequence, the step-change in optical signal induced by the crack is expected to be 
relatively small. Further as explained in Section 8.3.4, to monitor the strain in four- 
point bending effectively, the extensometer had to be attached to the upper surface of 
the coupon. Hence the strain fluctuation induced by crack formation is unlikely to be 
detected, or if detected, is likely to be small. 
A typical experimental result when a crack forms is shown in Figure 8.15. Figure 
8.15(a) shows a relatively difficult to interpret step-change in optical signal, which 
occurs at about 24.9 seconds, and is only just greater than the background noise. The 
strain signal during this time scale is plotted in Figure 8.15(a) as well. Due to the 
position of the extensometer, which 
is positioned at the concave face of the coupon, 
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Figure 8.15 Crack detection in four-point bending with video images. 
The arrow shows that position of the growing crack 
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the fluctuations in the strain signal can not be detected in the plot. Figure 8.15(b) 
shows the FFT band pass filtered optical signal during the same time range with a 
band pass frequency of 100 Hz and 300 Hz, as discussed in Section 7.3. The peak 
induced by the step-change in optical signal is not as clear as those shown in Chapter 
7 due to the noise in the optical signal. Figure 8.15(c) shows the development of the 
crack recorded by the video camera. This crack grew across the width of the coupon 
in steps, a typical behaviour of transverse cracks in four-point bending (Ussorio et al, 
2003). The time shown in Figure 8.15(c) confirms that the step-change in optical 
output was induced when the crack passed the sensor. 
Additional experimental data are shown in Figure 8.16. The strain signal and optical 
signal when a crack occurred are plotted in the Figure. Unsurprisingly, there are no 
fluctuations of the strain signal, as discussed above, and the step change induced by 
the crack is relative small, as expected. 
8.5 Conclusion 
This chapter has described further crack detection experiments using polarimetric 
sensors but this time with the sensors embedded in a double cross-ply laminate 
The necessity of the sensor being adjacent to matrix cracking damage in order for the 
cracks to be detected has been shown by experiments using double cross-ply coupons 
under quasi-static tensile loading. Only cracks in the set of 90' plies next to the 
embedded sensor could be detected by the sensor. Cracks induced in the other set of 
901 plies remained undetected. 
The same double cross-ply configuration was also used to show that a polarimetric 
sensor can be employed to monitor strain changes in four-point bending tests, both 
under quasi-static load and fatigue load. 
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Figure 8.16 Further experimental data of crack detection in four-point 
bending tests. 
Finally, it has been shown that the sensor can be used to detect transverse cracks 
induced during quasi-static four-point bending tests. In particular the strain at the 
position of the embedded sensor can be obtained in real time, after a suitable 
conversion of the strain signal obtained from an extensometer positioned on the upper 
surface of the coupon (the concave surface during the bending test). 
Crack 
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In the next chapter (Chapter 9), the determination of the strain-optical parameters of 
the sensor will be described, which are needed for the theoretical modelling in 
Chapter 10. 
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Chapter 9. Determination of strain-optical parameters of the 
polarimetric sensor 
9.1 Introduction 
The ability of the embedded polarimetric sensor to detect cracks has been discussed in 
detail in Chapter 6,7 and 8. It has been shown that the sensor can detect the cracks 
that pass adjacent to the sensor and the sensor has the potential to be used as a 
real-time sensor for damage detection in engineering applications. 
In order to carry out a theoretical treatment of the polarimetric sensor, it is necessary 
to utilise a suitable theoretical model. Such a model was proposed by Sirkis (Sirkis 
and Lo, 1994). To use this model to predict the interaction between the polarimetric 
sensor and a crack passing it, some essential parameters of the model must be 
obtained first for the type of fibre used in this work. 
The model used by Sirkis connects the phase change seen by the sensor to the strain 
experienced by the optical fibre core: 
Aýq = 
IT 
[KI-61 +K2'62+K3'63]dL 
11 
1 9.1 
where Aýo is the relative phase change between the two polarisation modes caused by 
the three-dimensional strain; A is the wavelength of light in vacuum; -,, c2 and c3 are 
the three normal strains, where the axis- I is parallel to the length of the sensor; L is 
the gauge length of the sensor and KI, K2 and K3 are the dimensionless parameters to 
be determined which govern the contribution of each component of the normal strains 
178 
Chapter 9. Determination of strain-opticalparameters of the polarimetric sensor 
to Aq. The K values can be determined experimentally by tension and compression 
tests of bare sensors. These measurements have been carried out using a modification 
of the method used by Sirkis (Lo and Sirkis, 1995). 
9.2 Tension test of free sensor 
The free sensors tested here have had the coating removed, which is also the situation 
for the embedded sensors. The test methods for the sensors are described in Section 
Loops of lead 
uips Sensing length z uips out fibre 
vvE: 
Laser source 
\/ 
lens 0' splice 45' splice 0' splice 
Connector to the 
optical amplifier 
a 
Sensing length 
v0 
Laser source 
lens 45' splice 0' splice 45' splice 
Connector to the 
optical amplifier 
(b) 
Sensing length 
v0 
C 
AB 
Laser source Connector to the 
lens 45' splice 900 splice 45' splice optical amplifier 
(C) 
Figure 9.1 Different structures of free sensors 
(a) 451 splices inside grips; 
(b) 450 splices outside grips, 0' splice inside grips; 
(c) 45' splices outside grips, 90' splice inside grips. 
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4.5.2 and their configurations are shown in Figure 9.1. In the figure, thicker lines 
represent optical fibres with coatings (inner coating and jacket), thinner lines 
represent stripped bare fibres (without any coating). Strains were calculated by 
dividing displacements measured between the two grips by the original fibre length 
between the grips. These displacements could be measured to an accuracy of 0.02 mm 
by a micro-screw knob, see Figure 4.10. 
The structure of the polarimetric sensor shown in Figure 9.1(a) is the same as the 
polarimetric sensor embedded in the cross-ply laminates described in Section 6.2. The 
whole gauge length of the sensor is under strain, which means the gauge length of the 
sensor is shorter than the total length of the optical fibre under strain. Figure 9.2 
shows some typical optical fringes obtained from polarimetric sensors with this type 
of structure. The fringes are shown as a function of time and although the 
displacement was controlled manually (and hence the frequency of the fringes is not 
constant), clear fringes are obtained from the sensors. 
The relationship between the longitudinal and transverse strains to the phase 
difference, Aýo, of the optical output can be obtained from these data. 
The longitudinal phase sensitivity of a bare fibre, 
Saxial, is defined as: 
Saxial 
-::::: 
1 Aýq 
L Aci 
9.2 
where L is the gauge length of a sensor, Aýo is the change of phase and 
A, 61 is the 
longitudinal strain change. The transverse strains of a free sensor are given by: 
C2 =c=f ei 
9.3 
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Figure 9.2 Experimental results of free polarimetric sensor with structure 
shown in Figure 9.1 (a). 
where c2and c3 are transverse strains (as seen by the optical fibre's core), and vy is the 
Poisson's ratio of the optical fibre which is 0.154 - Combining with equation 9.1, the 
phase difference between the two modes in the core as a result of the applied 
longitudinal strain is: 
Aýq = 
IT l[Klcl +Kc, +K3C3 W_ 
IT 
L. 61 (KI - vf 
K2 - Vf K3 
AA 
9.4 
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Substituting equation 9.4 into equation 9.2, the longitudinal axial strain sensitivity 
becomes: 
Saxial =: 
Id ((, o) = IT (KI - vf 
K2 
-VfK3) 
L dei A 9.5. 
Here, A, vf, K 1, K2 and K3 are constants which depend on the laser source and 
characteristics of the optical fibre. The measured longitudinal strain sensitivity of the 
sensor was 106 ±2 rad/mm, where the uncertainty is given by the standard deviation. 
This result was obtained from 5 experimental measurements. The complete results, 
showing sensor gauge length and measured sensitivity, are shown in Table 9.1. 
Table 9.1 Experimental sensitivities for free sensor with the structure shown in Figure 9.1 a 
Sensor No. 
Gauge length of the 
sensor (mm) 
Longitudinal axial strain 
sensitivity (rad/mm) 
1 120 102.7 
2 102 108.7 
3 115 105.4 
4 117 104.4 
5 112 106.8 
average 106 
Standard deviation 2 
Figure 9.3 shows an experimental result from a free sensor with the structure shown 
in Figure 9.1 (b) where the 45' splices were outside the grips. Here the sensor's gauge 
length between the two 45' splices was approximately 1000 mm, much longer than 
the length over which the strain was applied (approximately 185 mm). Hence only 
part of the sensor gauge length was subject to external strain, but optical fringes could 
still be obtained because the phase 
difference induced by the applied strain within the 
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Figure 9.3 Experimental results of free polarimetric sensor with 
structure shown in Figure 9.1 (b). 
grips is carried by the sensor unchanged to the second splice where the optical fringes 
were generated. Typical fringes are shown in Figure 9.3 and the sensitivity of this 
sensor was measured as 113 ±2 rad/mm from 5 experiments. The difference between 
the sensitivities measured in the configurations of Figure 9.1 (a) and 9.1 (b) might be 
caused by the abnormal strain state around the grips in the latter case. 
The experimental arrangement shown in Figure 9.1 (c) is rather unusual and has been 
used here only to confirm the operation of the sensor. Here, a 90' splice has been 
situated half-way between the two grips. When this type of sensor is under uni-axial 
strain, the phase difference between the fast mode and the slow mode induced by the 
applied strain between the grip A and the central 90' splice (point C in Figure 9.1 (c)) 
is A(pi. At the 90' splice, the fast mode and the slow mode are interchanged, meaning- 
that light previously propagating in the fast mode will now propagate in the slow 
mode and vice versa. After the 
90' splice, the phase difference between the fast mode 
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and the slow mode will be Aýp2, but since the 90' splice has been positioned centrally 
between the grips, then Aýo2= -Aý91. Hence, the overall phase difference induced by a 
uniforrn longitudinal strain should be zero. Typical results for a sensor subject to a 
strain of about 0.30% in a time of 40 seconds are shown in Figure 9.4. There were no 
fringes in the optical output, as expected and only noise was recorded. A polarimetric 
sensor of this structure is called a" sel f- compensated sensor" (Bock et al, 1989). Any 
uniform fluctuation of temperature along the sensor length or unwanted fringes from a 
uniform strain can be cancelled in this way. 
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Figure 9.4 Optical output of a "self-compensated sensor" with the structure 
shown in Figure 9.1 (c) 
9.3 Transverse compression test of bare polarimetric sensor 
To obtain the K values (KI, K,,, and K3), three independent equations are required. 
Equation 9.5 mentioned previously is one valid equation. To calculate the K values, 
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two more equations are required. The equations can be achieved by transverse 
compression tests on a bare fibre polarimetric sensor. 
When a bare fibre polarimetric sensor is under transverse compression load, the 
longitudinal strain in the optical core is assumed to be zero (Timoshenko, 1982). The 
relationship between the strains in the optical fibre and the applied load can be 
obtained from elasticity solutions for a rod of diameter d, under diametrical 
compression by an average load P (Timoshenko, 1982), which are: 
L-I (I - VI) 
2P 
_ V(l + v)(- 
6P 
2 E[ 7rd ; Td 
)] 
cL_I 
(I_V2)(_ 6P V(l + V) 
2P] 
3 E[ 7rd ; Td 
9.6 
where E2L and 'c3 
L 
are transverse strains (note: C_, L is in direction of loading) in the rod, 
E is the Young's modulus and v is the Poisson's ratio of the rod. P is load per unit 
length on the rod and is defined as: 
P=fi 
L 
9.7 
where F is the force on the rod and L is the length of the rod under compression. 
When the optical sensor is rotated, as shown schematically in Figure 9.5, the relative 
orientation of the stress rods to the loading direction will change and 
hence also the 
optical axes of the sensor. Consequently, the strain state 
in the optical core will 
change with the rotation of the 
fibre and, for this transverse compression test, 
sensitivity of the sensor will change with rotation of 
the sensor. 
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Figure 9.5 A schematic diagram showing the transverse loading direction and 
the optical axes of the optical sensor. 
The experimental arrangement for the transverse compression tests was described in 
Section 4.5.3. Figure 9.6 shows two optical fringes from the same sensor with 
different sensitivities under compression. The sensor has been rotated through 30' in 
Figure 9.6(b) compared to Figure 9.6(a). A clear optical change induced by each step 
of manual loading can be seen in the two sets of results. Of course the whole fringe is 
much less regular than that shown in Figure 9.2 or Figure 9.3 due to the manual 
loading. There were about 10 seconds of unchanging optical signals between the 
loading and unloading fringes in Figure 9.6, corresponding to a time gap between 
loading and unloading of the weights (see Section 4.5.3 for experimental details). 
The transverse sensitivity of the sensor under compression can be defined as: 
Strans == 
I Aýq 
L A-P 
9.8 
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Figure 9.6 Optical fringes of a bare sensor under compression. 
where AP is the change of load per unit length on the sensor, Aýo is the phase change 
induced by AP and L is the length of the sensor under transverse compression. 
The results showing the change of sensitivity with compression orientation, 0 (as 
shown in Figure 9.5) are plotted in Figure 9.7. The sensitivity as a function of angle 
0 
shows four peaks, which means that the sensor is more sensitive when 
loaded parallel 
to the optical axes. This variation in sensitivity with angle is similar to the results 
from a bow-tie fibre polarimetric sensor tested in transverse compression by Lo and 
-U n loading- 
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Figure 9.7 Compression sensitivity as a function of orientation. 
Sirkis (1995). Peaks labeled A and B correspond to angles of 0 and7r. Peaks labeled C 
and D correspond to angle of7r12 and 37r12. The trend of the data is indicated by the 
dashed line. 
9.4 Derivation of the strain-optical parameters, KI, K2and K3 
The results from the compression tests can be used in conjunction with equation 9.5 to 
find the values of KI, K2and 
K3. 
If the longitudinal strain is taken as zero for transverse compression tests of the sensor 
and substitute equation 9.1 into equation 9.8, the transverse sensitivity of the sensor 
is: 
188 
Chapter 9. Determination of strain-optical parameters of the polarimetric sensor 
Strans =I 
Aýo 
= 
IT 
(, c 2K2 +63K3 LAP A 
9.9 
where C2 and 63 are strains in directions 2 and 3 in optical fibre core, as shown in 
Figure 9.5. 
When the sensor rotates by an angle 0 relative to the applied transverse compression 
load direction and the angle 0 (as shown in Figure 9.5) is 0 or 7c, the strains in the 
optical axis direction-2 and optical axis direction-3 in the core are: 
46 
L 
22 
L 
4E3 3 
9.10 
When 0 is 7r12 or 3z12, the strains in the optical axis-2 and optical axis-3 in the optical 
core are: 
E 9.11 
Substituting equation 9.10 and 9.11 into equation 9.9, the sensitivity of the sensor 
under transverse compression at four particular angles can be expressed as: 
so, ir 
2; r L(+ CLK trans A 
(621 
233 
3 
L +CL 2 K2 2K3) trans 3 
9.12 
189 
Chapter 9. Determination of strain-optical parameters of the polarimetricsensor 
There are three components of a PANDA fibre, the stress rods, the optical fibre core 
and the cladding. The materials of the stress rods have the highest thermal expansion 
coefficients and during the cooling procedure of manufacture, the stress rods contract 
more than the other parts. Hence, the residual strain in Figure 9.5 in the optical core in 
the direction-2 is positive (tensile) and the residual strain in the direction-3 is negative 
(compression). When the optical axis-2 of the optical core is under compression, 
which means 0 in Figure 9.5 is 0 or 7r, the residual strain in the core in the direction-2 
is reduced, and the birefringence (difference in propagation constants between 
direction-2 and -3) is reduced. Hence, the sensitivity of the sensor is relatively low. 
This corresponds to the two lower peaks in Figure 9.7, labelled as A and B. When the 
optical axis-2 of the optical core is under tension, which means 0 in Figure 9.5 is z12 
or 37r12, the difference in strain in the core between the 2-direction and 3-direction is 
enhanced, and the sensitivity of the sensor is relatively high. This corresponds to the 
two higher peaks in Figure 9.7, labelled as C and D. 
The material properties of the optical fibre are shown in Table 9.2. The numerical 
values for the sensitivity at the peaks for angles of 0, z and z12,3z12 are 0.47 rad/mm 
and 0.63 rad/mm respectively. Substituting these parameter values into equation 9.5 
and equation 9.12, the resulting numerical equations are: 
K, - 0.154K2 - 0.154K3 = 
0-01 
- 4.99K2 + 2.42K3 =: 0.47 
_2.42K2 
- 4.99K3 = 0.63 
9.13 
After solving the equations, the K values of the polarimetric sensor are found to be: 
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K, -0.055 
K2 
-0.204 
_K3 -0.225 
Table 9.2 Material properties of an isotropic sensor (after Sirkis, 1993). 
9.14 
Property Value 
Young's modulus, E (GPa) 73.3 
Poisson's ratio, v 0.154 
Diameter of the optical fibre, d (um) 125 
The K values found here are compared with the K values for another Bow-tie 
polarimetric fibre in Table 9.3. It is clear that the parameters for the PANDA fibre are 
smaller than those for Bow-tie fibre, which is in good agreement with Tsai et al (1991) 
who found that the PANDA fibre is less sensitive than the Bow-tie fibre. 
Interestingly, both PANDA and Bow-tie fibres are more sensitive to transverse strain 
than longitudinal strain (i. e. K2and K3are both larger than KI). 
Table 9.3 Model parameters for PANDA and Bow-tie fibres. 
Fibre K, K2 K3 
PANDA -0.055 -0.204 -0.225 
Bow-tie -0.197 -0.714 -0.618 
9.5 Conclusion 
To treat the behavior of polarimetric sensor theoretically, the strain-optical parameters 
of the optical fibre used to manufacture the sensor must 
first be determined. The 
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determination of K values) has been carried out using tension and compression tests 
of bare polarimetric sensors. 
The sensitivity of a bare polarimetric sensor manufactured from Hi-Bi PANDA fibre 
has been measured experimentally and it has been shown that optical fringes can be 
obtained under both tension and compression tests. A phase-strain model available in 
the literature has been used to determine the characteristic parameters of the optical 
fibre (the K values) with the aid of tension and compression loading of bare fibre 
sensors. The results show that PANDA fibre is less sensitive than Bow-Tie fibre. 
After the characterisation of the parameters of the sensor model, it is now possible to 
discuss the sensitivities of embedded sensors and the interaction between the 
embedded sensor and cracks which pass the sensor in an adjacent ply. These are the 
topics of the next chapter. 
19" 
Chapter 10. Theoretical treatment of the interaction between embedded sensors and cracks 
Chapter 10. Theoretical treatment of the interaction 
between embedded sensors and cracks 
10.1 Introduction 
As the strain-optical parameters, the K values, have been obtained, it is possible to 
attempt a theoretical treatment of the behaviour of the sensors. The sensitivities of 
embedded sensors in undamaged laminates are discussed in Section 10.2. The 
interaction between the sensor and a crack which passes the sensor in the adjacent ply 
is predicted using Sirkis' model together with a shear-lag model of the strains 
associated with matrix cracks, in Section 10.3. 
10.2 Sensitivities of embedded polarimetric sensors. 
The response of polarimetric sensors embedded in unidirectional and cross-ply 
laminates under quasi-static tension loading is presented in this section. The response 
is expected to be different for the two types of laminates because the unidirectional 
laminates are transversely isotropic whereas the cross-ply laminates are orthotropic. 
10.2.1 Response of a polarimetric sensor embedded in a unidirectional laminate under 
quasi-static tensile load 
When a unidirectional coupon is under a quasi-static tensile load leading to a tensile 
strain el, the strain state in the coupon can be expressed as: 
62 =63= 10.1 
where . 61 is the 
longitudinal strain in the coupon, e? and ej are normal strains in the x 
and y directions, and the vc is the Poisson's ratio of the unidirectional 0' ply. The 
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mechanical properties of the materials used in the experiments are shown in Table 6.1. 
Substituting the values in Table 6.1 into equations 3.24 and 3.27 to find the strain 
experienced by the sensor, the following results are obtained: 
c. 
0.02564u -0 
0 EI 
-0.004337u = -0.169 C-0 = -v' s 0 EI 1 
lo. ", 
where el' is the longitudinal strain (perpendicular to the sensor's optical axes), c-, ' and 
C3 S are transverse strains in the sensor's optical axes. In equation 10.2, v' is the 
effective Poisson's ratio of the embedded sensor and is calculated using equation 3.24 
and equation 3.27 to have a value of 0.169. The effective Poisson's ratio of the 
embedded optical fibre is larger than the Poisson's ratio of the free optical fibre, 
which is 0.154, because the Poisson's ratio of the surrounding composite is much 
higher. Hence, the sensitivity of the embedded sensor is expected to be higher than 
that of the free sensor. The predicted longitudinal sensitivity of the embedded sensor 
can be derived by substituting equation 10.2 into equation 9.1: 
Saxial =IA 
(p 
= 
IT 
(KI - v'K2- v'K3) L Aci A 
Substituting the relevant values, the predicted sensitivity is 170 rad/mm. 
10.3 
Examples of fringes obtained from sensors embedded in unidirectional coupons are 
shown in Figure 10.1. The sensors' lengths in the figure were 97 mm, 97 mm and 98 
mm, respectively, and the experimental result for the longitudinal sensitivity is 136 
9 rad/mm. The complete experimental results are shown in Table 10.1. 
A number of issues arise from the results on the sensor embedded in unidirectional 
composites. Firstly, since the transverse Poisson's ratio of the host material 
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Figure 10.1 Optical fringes from three different polarimetric sensor embedded in 
unidirectional coupons. The graphs show that loading and unloading fringes are 
reproducible. 
Table 10.1 Experimental data for sensors embedded in unidirectional coupons 
No. 1 2 3 4 5 average 
Gauge length of 97 97 98 86 89 136 
embedded sensor, mm + 
Sensitivity of embedded 136.7 120 5 143 6 143 0 134 2 
sensor, rad/mm 
. . . . 9 
195 
Chapter 10. Theoretical treatment of the interaction between embedded sensors and cracks 
( YJ 2::::::::: 0.326) is bigger than that of the embedded optical fibre (vj=O. 154), which means 
the host material is compressing the optical fibre when the host material is under 
tension. This will increase the Poisson's ratio of the optical fibre and the sensltl\, Ity of 
the sensor (as mentioned above). The predicted and experimentally measured 
sensitivities are both bigger than that of bare fibre as expected. 
Secondly, the experimental sensitivity of the embedded sensor (136 rad/mm) is about 
20% less than the predicted values (170 rad/mm). This is likely to be because the 
theoretical model assumes that the sensor is a cylindrical inclusion embedded in a 
transversely isotropic host. Therefore, if some part of the host material is less stiff 
than other parts (for example, if there are resin rich areas around the sensor), the 
compression effect of the unidirectional composite, which has a higher Poisson's ratio 
than the sensor, will be reduced. As a consequence, the sensitivity of the embedded 
sensor will be reduced as well. 
Thirdly, the embedded sensors have a larger standard deviation for the experimentally 
measured sensitivities (9 rad/mm) compared to the free sensors (2 rad/mm). This 
difference is due to the slight irregularity of the fringe width and spacing for the 
embedded sensors, as shown in Figure 10.1. Although the fringes are slightly irregular, 
they are reproducible for both loading and unloading. This suggests that the 
embedded sensors are sensitive to variations in local transverse strains due to the 
irregular packing of the structural glass fibres around and the sensor. Such effects 
cannot be eliminated and lead to larger standard deviations in the sensitivities. 
To test the hypothesis that the irregularity of the fringes is due to the influence of the 
local environment, a sensor still enclosed within its original coatings -ývas embedded 
into a unidirectional laminate (i. e. the sensor was not stripped to make a bare sensor). 
The sensor configuration used was similar to that shown in Figure 4.4b, i. e. the 45' 
splices were outside the coupon but with no necessity to join the fibres with a 0' 
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splice inside the coupon. The optical fringes from this specimen are shown in Figure 
10.2 and are found to be uniform and the widths of the optical fringes are almost 
identical. Hence, it appears that the abnonnal strains around the sensor have been 
smoothed by the relatively soft silicone inner coating and the nylon outer coating. Of 
course, any additional strains accompanying damage in a composite would be 
smoothed as well, and this type of sensor is unlikely to be useful in detecting 
transverse cracks in a cross-ply laminate. In addition the sensor diameter with inner 
and outer coatings is approximately I mm, which is probably too large for most 
applications in composite material since the ply thickness is typically 0.125 mm. 
3.70 
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3.55 
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Figure 10.2 Optical fringes from an embedded polarimetric sensor with 
inner coating and outer coating. 
10.2.2 Response of sensors embedded in cross-ply laminates under quasi-static tensile 
load: the effect of sensor twist 
When a polarimetric sensor is embedded in a cross-ply laminate, the strain state 
around the sensor is more complex. Figure 10.3 shows a set of optical 
fringes for a 
sensor embedded in a cross-ply laminate. Compared to a unidirectional 
laminate 
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Figure 10.3 A set of optical fringes from a polarimetric sensor embedded 
in a cross-ply laminate. 
i\\ 
II? $ 
0.30 
which is transversely isotropic, a cross-ply laminate is transversely anisotropic: for a 
given applied load, the three normal strains in the 0' ply are different and are given 
according to laminated plate theory (Jones, 1975; Smith et al, 1990; Boniface et al, 
1991) by 
b+d 
61 bEl + dE2 
62 = -07 
V12E2 (b +d )2 I 
-V 12el 
10.4 
(bE2 + dE, )(bE, + dE2) 
where the I direction is parallel to the fibres in the 0' ply, the 2 direction is across the 
width of the coupon, and the 3 direction is through the thickness. In equation 10.4, 
V12' IS the effective Poisson's ratios of the 0' ply, and u is the average stress on the 
cross-ply laminate coupon (note that thermal strains are not included here). 
Equation 10.4 concerns only strains in the plane of the coupon (i. e. 61 and "2. However, 
for thin laminates, the through-thickness strain in the 0' ply will be given by: 
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63 = -V 13 EI - V23 E2 -v 13 EI 10.5 
whereC3 is the through-thickness strain in the 00 PlY, V13 andV23 are the two Poisson's 
ratios of the 0' ply and V13'IS the effective Poisson's ratios of the 0' ply. 
When considering the response of a sensor embedded in a 0' ply, there are two sets of 
axes to consider: the coupon axes and the optical axes of the sensor. The definition of 
the axes is shown in Figure 10.4. Figure 10.4(a) shows the coupon axes and Figure 
10.4(b) shows a cross-section of the coupon with the optical axes 2' and 3' shown. It 
can be seen from Figure 10.4(b) that, in general there will be an angle 0 between the 
optical axes of the sensor and the axes of the coupon. However, this angle is not 
usually constant along the sensor length, because it was found that the embedded 
optical fibres have a twist introduced during fabrication. To evaluate the magnitude of 
the twist, coupons were cut into sections after tests and optical microscope images 
were taken at different positions along the coupon (i. e. for different z co-ordinates) in 
order to find the angle 0 as a function of z. Figure 10.5 shows a typical result. 
Micrographs of four sections at various positions along a coupon (10 mm, 34 mm, 64 
mm and 86 mm measured from one splice) were taken. The positions of the 
cross-sections are shown in Figure 10.5(a) and the micrographs are shown in 10.5(b). 
The angel 0 at these positions (30', -8') -60' and -1000, respectively) is plotted 
against position in Figure 10.5(c). Figure 10.5(c) shows that the twist of the sensor is 
linear along the z-axis, and this was found for all specimens, although the rate of twist 
was different in different specimens. For the specimen shown in Figure 10.5, the twist 
rate was 0.03 rad/mm with an overall twist between the splices of 2.5 rad (144'). The 
overall twist angles of other specimens are shown in Table 10.2. 
Of course, because the sensor twists along the.: -axis, the response of the sensor to the 
strains will change from point to point due to the rotation of the sensor axes in a strain 
field which is not isotropic. As a consequence, the sensitivity of the embedded sensor 
will change as a function of the initial twist angle and the degree of the twist. 
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embedded optical sensor 
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Figure 10.4 A schematic diagram showing the optical fibre and the crossply 
laminate axes and polar angle 0. 
(a) The axes of the coupon. 
(b) A cross-section of a coupon showing the axes of the optical sensor, 2' 
and 3', in relation to the coupon axes, x, y. 
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Figure 10.5 Twist of embedded sensor. 
(a) Schematic graph showing the z-position of cross-section where 
micrograph were taken. 
(b) Optical micrographs at various ---positions in the coupon. 
(c) The angle 0 as a function of z-position 
201 
lomm 64mm splice 34mm 86Mm 
Chapter 10. Theoretical treatment of the interaction between embedded sensors and cracks 
Table 10.2 Comparison of the experimental and predicted sensitivities of 
sensors embedded in cross-ply laminate 
No. Initial orientation 
angle, 
Overall twist 
angle, 
Experimental 
sensitivity, 
rad/mm 
Predicted 
sensitivity, 
rad/mm 
1 10 3 50 5 254 5 154.99 
2 - 19 3 52 5 237 5 155.02 
3 -29 3 64± 5 '207 5 154.93 
4 -77 3 80 5 149± 5 154.20 
5 -63 3 124± 5 118 ±5 154.51 
6 24 3 144± 5 162 ±5 154.60 
7 85 3 168 ±5 140± 5 154.15 
8 -19 3 228 ±5 160± 5 154.97 
9 30 3 252 5 136 5 154.32 
10 -100± 3 162 5 148 5 154.60 
To define the degree of twist at any position I along the sensor from one splice 
(reference splice), the orientation of the fiber can be expressed in terms of the angle 0 
as: 
01 
= 00 +10 10.6 Lo 
where 01 is the orientation of the embedded sensor at position 1 within the gauge length 
of the sensor from the reference splice, LO is the gauge length of the sensor, 
Oo is the 
initial orientation of the sensor at the reference splice and 0 is the overall twist angle 
of the sensor at the second splice of the sensor, 
defined as 0 positive for 
anti-clockwise rotation. 1 is an arbitrary position within the gauge 
length of the sensor, 
such that 0:! ý 1:! ý- Lo. 
"0-, 
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Then the three strains in the optical axis of the sensor core are: 
cl SEIf 
ES Ef cos' 0, +, 6f sin' 0, = Ef cos'(0, +1 0) + ef sin 
2(00+ 
1 
0) 
2232 
Lo 3 Lo 
6S cf sin 
2 ol + Ef COS2 01 =. 6f sin 
2(00 
+1 0) +cf Cos 
2(oo +1 0) 3232 Lo 3 Lo 
10.7 
where . 6', cs, cs are the strains in the optical axes of the sensor core in the 1-2 123 
coordinates shown in Figure 10.4, and cf, ef ef are the three normal strains in the 123 
optical sensor in the x-y coordinates shown in Figure 10.4. It should be pointed out 
that there is an approximation being made here which is to assume that the strains 
throughout the cross section of the optical fibre are homogenous. 
When the sensor is embedded into the 0' ply of a cross-ply laminate, the valuesOf V12' 
and V13' , which are the effective Poisson's ratios of the 0' plies, calculated from 
equation 10.4, equation 10.5 and Table 6.1 are: 
VI 2 0.176 
V13 0.273 
10.8 
Not surprisingly, equation 10.8 shows that for the 0' ply in a cross-ply 
laminateVI2'# V13' . Hence, when the sensor twists within the 
0' ply of a cross-ply 
laminate, the strain field around the sensor changes along its length and the integrated 
sensitivity of the sensor changes with both the degree of twist and the initial 
orientation, Oo, at the reference splice. 
However, the effective Poisson's ratios shown In equation 10.8 are not the same as the 
optical sensor sees, meaning that the strains in the optical fibre are not the same as the 
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strains in the host composite material at the position of the optical fibre. This due to 
the interaction between the host material and the embedded cylinder, as discussed in 
Section 3.5. It has been shown earlier, that in a unidirectional composite, the effective 
Poisson's ratio of the sensor embedded in the 00 PlY (V]2=-V]3=0.326) is 0.169 
(equation 10.2), compared to the free sensor value of 0.154. As a first approximation, 
the Poisson's ratios seen by the embedded sensor can be estimated as a linear 
interpolation, i. e.: 
vs =: 
0.176 
x (0.169 - 0.154) + 0.154 = 0.162 12 0.326 
vs = 
0.273 
x (0.169 - 0.154) + 0.154 = 0.167 13 0.326 
10.9 
Hence, the relationship between the strains in the optical fibre and the strains in the 
host composite at the position of the fibre is: 
61 f=E1 
f 
-V 
sc 
2 12 1 
.6f -V 
sc 
3 13 1 
10.10 
The sensitivity of the embedded polarimetric sensor is defined by equation 10.11: 
I Aýq 
Lo Ael 
10.11 
Substituting equation 9.1, equation 10.7, equation 10.10, equation 10.4 and equation 
10.5 into equation 10.11, gives an expression which can be evaluated using MapleR. 
Hence, the sensitivity of a polarimetric sensor which twists when embedded in a 
cross-ply coupon is 
found to be: 
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Ir S=- [-2K 0+Kvs COS(o O)COS2 0)+K 
COS2 (00) cos(O) sin(O) Ao 12 12 
(O)sln(O 
2VI2 
-K VS sin 
2(o 
0) cos(O) sin(O) -K vs sin(00 ) cos(O) sin 
2(o) 2 12 2 12 
-K vs COS(o O)COS2 (0) sin(O COS 
2 (o 
0) cos(O) sin(O) 2 13 o)-K2 
V IS3 
+K vs sin 
2(o 
O)cos(O)sln(O)+K vs sin 
2(00 ) cos(O) sin(O) 2 13 2 13 
-K vs cos(O 0) 
COS2 (O)sln(Oo)-K vs Cos 
2(o 
0) cos(O) sin(O) 
3 12 3 12 10.12 
+K vs sin 
2(o 
0) cos(O) sin(O) +K vs sin(OO) cos(O) sin 
2(o) 
3 12 3 12 
+K vs COS(o )COS2 (0) sin(OO) +K COS2 (OO)cos(O)sin(O) 3 13 03V IS3 
-K vs sin 
2(o 
O)cos(O)sin(O)-K vs sin 
2(o 
0) cos(O) sin(O) 3 13 3 13 
+K v' O+K v' O+K vs O+K vs O-K vs cos(OO)sin(OO) 3 12 3 13 2 12 2 13 2 12 
K2V1 s3 cos(0, ) sin(0, ) + K3 V IS2 cos(00 ) sin(0 0) - 
K3 V IS3 cos(00 ) sin(O, )] 
It should be noted that the theoretical result for the sensitivity is independent of the 
sensor gauge length, Lo. The details of the calculation carried out using Maple'ý (i. e. 
input and output from Maple') are shown in Appendix C. 
The change of sensitivity calculated from equation 10.12 with values from Table 6.1 
and taking the initial twist angle 00 to be 00 = 0, Oo = 7c14,00 = z12 and Oo = z, are 
shown in Figure 10-6. The four curves in the figure show that the sensitivity of the 
embedded sensor changes with the overall twist angle and the initial orientation angle. 
In each case, there is a relatively big initial fluctuation in sensitivity for small overall 
twist angles. The fluctuation of the sensitivity reduces with increasing overall twist 
angle until the sensitivity reaches a constant value. This constant value Is Insensitive 
to the initial orientation angle 00 and overall twist angle 0. 
For real sensors embedded in cross-ply laminate, they not only twist, which means 
in equation 10.12 changes, but the original orientation of the sensors changes as well, 
which means Oo in equation 10.12 changes. Every experimental data point is thus 
defined by two independent variables: 0 (the overall twist) and 00 (the initial 
orientation at the reference splice). The experimental values of the sensitiN-ities of real 
sensors (with different pairs of 0 and Oo) embedded in cross-ply coupons are plotted 
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Figure 10.6 Theoretical prediction of the sensitivity of a sensor embedded 
in a cross-ply coupon. 
(a) 00=0; (b) 00=)r/4; (c) Oo=7cl2; (d) Oo=7c. 
against theoretical predicted value with measured corresponding 0 and 00 in Figure 
10.7. The experimental results are shown in Table 10.2. The trend of the 
experimentally determined sensitivities follows the trend of predicted values. 
However, the predicted values do no reflect the wide range of sensitivities measured 
experimentally. 
A number of simplified circumstances can be checked with regard to equation 10.12. 
Firstly, when a free sensor (i. e. a sensor which has been stripped of inner coating and 
outer coating and has not been embedded in a composite), is loaded by a tensile load, 
V12s andV13S in equations 10.12 are equal to the Poisson's ratio of the optical fibre, v/ . 
Figure 10.8 shows the result. During the calculation, the terms containing Oo are 
cancelled. The predicted sensitivity is 106 rad/mm and does not change with initial 
orientation or with overall twist angle as expected. This value recovers the 
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experimental value of the longitudinal strain sensitivity used to derive KI, K, and Ký3 
(see Section 9.4) and is independent of the initial orientation of the sensor. 
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Figure 10.7 Comparison of measured and predicted sensitivities of a 
polarimetric sensor embedded in cross-ply laminates. 
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Figure 10.8 Theoretical prediction of the sensitivity of a bare sensor. 
207 
120 140 160 180 200 220 240 260 
Experimental sensitivity, rad/mm 
0 10 20 30 40 50 60 
Total twist angle, rad 
Chapter 10. Theoretical treatment of the interaction between embedded sensors and cracks 
Secondly, when a sensor is embedded in a unidirectional coupon, V12' and 1,13S in 
equation 10.12 are the same as the effective Poisson's ratio, Vý", in equation 10.2. 
Again, during the calculation, the items containing Oo are cancelled. The sensitivity 
given by equation 10.12 is plotted in Figure 10.9. The sensitivity remains constant 
when the sensor twists along the z-axis for different overall twist orientations. The 
predicted sensitivity is 170 rad/mm, which is in agreement with the prediction in 
Section 10.2.1. 
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Figure 10.9 Theoretical prediction of the sensitivity of a sensor 
embedded in a unidirectional coupon 
10.3 Interaction between embedded optical sensor and cracks passing the sensor 
In the previous section, the sensitivity of a sensor embedded in the 0' ply of a 
cross-ply laminate for any degree of twist has been investigated. In this section, the 
change of sensitivity induced by the development of a matrix crack is examined. 
10.3.1 Predicted sensitivity changes due to matrix crack development 
Assuming that a sensor has an orientation of 00 relative to composite axes, as shown 
in Figure 10.4, then the three normal strains seen by the optical axes of the sensor 
before a crack occurs are: 
20 8 
0 10 20 30 40 50 
Total twist angle, rad 
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6 so = go II 
c so = _VS go COS2 00 2 00 2 12 1- vs3c, 
' 
sin 
6 so = -V S0-2S02 3 261 sin 00 - V13gl COS 
00 
10.13 
where -61sO , 
. 2sO I 
g3so are strains in the optical axes of the sensor before a crack occurs, 
CIO is the longitudinal strain in the 0' ply which can be calculated by equation 10.4 
and V, 
'2 
I 
VI S3 are effective Poisson's ratio seen by the sensor which Is calculated in 
equation 10.9. Again there is an approximation here which assumes that the 
distribution of strains over the cross section of the fibre is homogenous, and the 
approximation shown in equation 10.9 is still used here. Note that in these 
calculations, it is assumed that the sensor does not twist along its length (i. e. the 
overall twist angle 0= 0). 
Combining equation 9.1 and equation 10.13, the phase change for a sensor embedded 
0 in the coupon subject to a longitudinal strain, 61 , 
before a crack occurs , is: 
IT [K co -K S 60 COS2 
00 + VS CO sin 
2 00) -K co sin 
2 00 
Aýqj =112 
(V12 
1 13 1 
JV12 
1 10.14 
A 
fO 
+ Vs 60 COS2 00)]dl 13 1 
where Aý91 is the phase difference induced by a change of strain A, -jO and LO is the 
gauge length of the sensor. 
To evaluate the phase change as a consequence of crack growth, it is necessary to 
consider the strain magnification induced in the 0' ply by a crack develops in the 90' 
ply. When a crack grows completely across the 90' ply of a cross-ply coupon, a strain 
magnification will occur around the crack where it is constrained at the 0/90 interface. 
According to Boniface et al (1991), the strains in the 0' ply after a crack is induced 
are: 
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07 dd c7 E ei =: -(l + -) - -- 2 Co +d 
ö7 E2 
e-2-" EI bb EI Eo 1b EI Eo 
-, --. 
1 
82 
VI 2L2(b + d)'- (i r, 
bE, +dE. -l (bE2 + dE, )(bE, + dE2) 
jl-Li- E, (b d) je -ý 
0 V12E2(b +d )2 bEl + dE2 
(bE2 + dE, )(bE, + dE2) El (b + d) 
10.15 
where ei, and E-, are normal strains in the 0' ply after a crack is induced, clo, and cO 
are normal strains in the 0' ply before a crack is induced which can be calculated from 
equation 10.4, and y is the distance from the crack in the longitudinal direction. The 
quantity /? ý, is given by: 
A2 
= 
3G23(b + d)Eo 10.16 
d2 bEIE2 
For thin laminates, the through-thickness strain in the 0' ply will be given by: 
'63 = -V 13CI - V2362 10.17 
where E3 is the through-thickness strain in the 0' ply after a transverse has been 
induced, V13 andV23 are the two Poisson's ratios of the 0' ply (it should be noted that 
these expressions again ignore the thermal strains in the laminate). 
Assuming that all the strain magnifications around the crack tip in the host composite 
are transferred to the embedded optical fibre and the Poisson's ratio seen by the 
sensor are the same as those shown in equation (10.9), then the strains in the optical 
fiber are: 
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E(E1 
f= 
_vs c= _VS 
02 VIS2 
6 2 12 1 12 12 10.18 
V12 V12 
3 V13 f= 
_vs c= _VS 
s 
3 13 1 13 11,3 
V13 V13 
where e, f 561 
f Elf are three normal strains in the optical fibre, v 12 ,v 13 are Poisson's 
ratio seen by the embedded sensor, and V, 2 ý V13 are effective Poisson's ratio of the 0' 
Ply. 
When the optical axis has an initial orientation of 00 to the composite axis, as shown 
in Figure 10.4(b), the three normal strains in the optical axis, which change with the 
initial orientation, can be expressed as: 
El SCIf 
6S6f Cos 
200 
+ ef sin 
2 00 
223 
IE S ef sin 
2 00 + ef Cos 
2 00 
323 
10.19 
where are the strains in the optical axes of the sensor core in the 1-2 123 
coordinate shown in Figure 10.4, and ef , ef ý cf are the three normal strains in the 123 
optical sensor in the x-y coordinate shown in Figure 10.4. 
Now, considering the phase change when a crack develops, suppose that a single 
crack is present in the coupon at a distance L, from one splice and L2 from the second 
splice (i. e. LI+L2=Lo). Then, the new phase change if the specimen is loaded to the 
same average stress is: 
27r '+K S)dl f (Klc'+K S+K S)dl + 
f2 (K,, 6' + K,,, -, 2 3 'C3 ý02 -12 'c 23 '03 1 10.20 
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where 42 is the new phase difference after a single crack has formed. 
It is now possible to write the expression for the phase change induced when a crack 
develops. If a single crack develops when the coupon is under load, the phase change 
induced by the crack is: 
A(Aýo) = A92- Aýqj 10.21 
and this phase change can be evaluated as a function of the sensor orientation by 
substituting equation 10.20 and equation 10.14 into equation 10.21. The calculations 
have been carried out using Maple and the details are shown in Appendix D. Again, 
various conditions can be investigated. 
Suppose that the sensor has a gauge length of 100 mm and the crack passes midway 
between the two splices, so that LI=L2=LO12=50 mm. Using the values in Table 6.1, 
the optical phase change induced by a crack passing the sensor is plotted in Figure 
10.10 as a function of the initial orientation of the sensor axes (note that the overall 
twist angle is assumed to be zero). It is shown clearly in the figure that when a crack 
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Figure 10.10 Predicted optical changes induced by a crack passing an 
embedded sensor 
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passes, there is always a reduction of optical output phase predicted for all initial 
orientations, although the magnitude of the reduction varies with the initial orientation 
of the optical axes. 
Once a transverse crack has developed during the loading period of a quasi-static test, 
its effect on the sensor persists. When the coupon is reloaded, the cracks induced in 
previous tests will affect the present optical output, which suggests that the sensitivity 
of the sensor during reloading tests will reduce. An example of the experimentally 
measured change in the sensitivity of the sensor with increasing numbers of cracks is 
shown in Figure 10.11. Initially, the sensitivity of the sensor is 170 rad/mm. After five 
cracks have formed, the sensitivity has dropped to about 164 rad/mm and a further 
reduction to 153 rad/mm occurs after 12 cracks have formed. Hence, this discussion 
explains qualitatively why such a reduction occurs. However, one major problem 
remains. An analysis of the direction of the step-change of the optical output for 
individual crack shows that a complete explanation has not yet been achieved. 
190 
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Figure 10.11 Experimental results showing the change of sensitivities with 
number of cracks passing the sensor 
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10.3.2. The direction of optical output changes during crack formation 
When the optical signal changes induced by passing cracks are checked carefully. it is 
found that in some cases, the optical output intensity increases and in some cases it 
decreases. Table 10.3 shows the results for ten samples. For each sample, the number 
of cracks analysed is shown, together with the measured variation of the distance of 
the core of the sensor to the 0/90 interface. For example, in Sample 1, nine cracks 
form and the distance varies between 62.5 and 80 pm (determined by sectioning and 
polishing). Also shown is the variation in the orientation of the optical axes of the 
sensor with the composite axes for the cracks. However, the most important columns 
for this discussion are those showing the "jump direction" and "agreement". The 
C4 jump direction of optical change" is explained by Figure 10.12. When the optical 
fringe is increasing in intensity and the optical change when a crack forms also 
increases (Figure 10.12(a)), or when an optical fringe is decreasing In intensity and 
Table 10.3 Experimental results of optical signal change direction 
Agreement 
Distance of Orientation between Jump direction between optical Sample optical core to optical axes and of optical change and No. 0/90 interface, composite axes, changes, optical fringe, 
ýtrn 0 up/down yes/no 
1 62.5 --80 13-34 5/4 7/2 
2 85.5 --86.5 85-- 127 2/3 3/2 
3 72.5--77.5 -19--37 8/11 11/8 
4 65.5- 108.5 -53 --42 1/3 3/1 
5 62.5-67.5 0--84 2/0 1/1 
6 67.5 -- 132.5 -105 ---71 
4/1 4/1 
7 62.5--64.5 -100-110 0/2 
1/1 
8 75.7 -- 113.1 -71---76 
3/4 7/0 
9 72.5-92.5 -17--22 3/2 
5/0 
10 67.5-75.5 -23 -- 17 2/, 
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the optical change decreases (Figure 10.12(b)), the optical change is said to follow the 
fringes. Otherwise, the optical change does not follow the fringes (Figure 10.12(c) and 
Figure 10.12(d)). Overall, 72 % of the optical step-changes follow the fringes. 
although 28 % of the changes do not follow the fringes. Interestingly, whether the 
optical change follows the fringes or not, the overall effect on the sensor sensItIvIty Is 
to decrease the sensitivity as discussed earlier. The analysis in Section 10.3.2 has dealt 
with this aspect of the change and the sensitivity of the sensor would be expected to 
decrease. However, the prediction of whether the optical change will follow the fringe 
or not, is much more difficult and this question has been addressed as follows. 
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Figure 10.12 Schematic of the terminology of optical changes 
The reason for the optical signal change is that when a transverse crack passes the 
embedded sensor, the abnormal strain field around the crack changes the optical 
refractive indices of the optical axes in the sensor core. The change of the refractiVe 
indices affects the velocity of the optical waves propagating in the optical axes in the 
sensor core, and after interference at the second splice, the consequence is an 
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alteration of the optical output of the sensor. The two variables which might be 
expected to affect whether the optical change follows the fringe or not are the relative 
orientation of the optical axes to the axes of the composite and the distance of the 
sensor from the 0/90 interface (since Arjyal et al (1998) have shown that the strain 
field around the crack tip changes rapidly with distance from the 0/90 interface). 
To investigate the effect of these two parameters, a large number of optical changes 
were examined in relation to the cracks which caused them. Use of the video 
recording enabled each crack to be detennined and sectioning the coupons enabled 
both the sensor axes' orientation and the distance of the sensor from the 0/90 interface 
to be identified for each crack. The experimental data are listed in Table 10-3. The 
results shown in the table suggest that the orientation of the optical axes to the 
composite axes, and the distances of the sensor from the 0/90 interface are not the 
parameters which affect the direction of the optical output changes. It appears from 
the results that the optical change direction for cracks having similar sensor 
orientation and sensor distance can either follow, or not follow the fringe direction. 
Hence it has been concluded that further work be required to understand this 
particular result. 
10.4 Conclusion 
In this chapter, a number of aspects of the behaviours of the polarimetric sensor have 
been treated analytically. 
Firstly, the longitudinal sensitivity of a polarimetric sensor embedded in a 
unidirectional laminate has been measured under quasi-static tensile loading. The 
itivity predicted usi - measured sensitivity 
is in reasonable agreement with the sensi IIin gy 
the phase-strain model for a polarimetric sensor with the parameters determined from 
the tests of the free sensor. 
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Secondly, a model has been developed for the sensitivity of a polarimetric sensor 
embedded in a cross-ply laminate. This model includes the effect of the initial 
orientation of the optical axes of the sensor at the reference splice relative to the 
composite axes and the overall twist angle of the sensor between the two splices. A 
parametric study has shown that the sensitivity of the embedded sensor is affected by 
the initial orientation of the sensor for small overall twist angles. When the overall 
twist angle of the embedded sensor increases, the sensitivity of the sensor reaches a 
constant value and is independent of the initial orientations. Although the trend of the 
predicted sensitivities is in agreement with the experimental results, the range of the 
sensitivities predicted is significantly smaller than the range found experimentally. 
Finally, with regard to damage detection, the problem of the interaction between an 
embedded sensor in the 0' ply and a crack that grows in the 90' ply within the gauge 
length of the sensor has been treated using a simple shear-lag model in conjunction 
with the phase-strain model. The analysis shows that when a crack passes, there will 
always be a reduction in the sensitivity of the embedded sensor. The experimental 
results show that the sensitivity does indeed decrease with increasing numbers of 
cracks in a linear fashion. However, although the trend of the reduction in sensitivity 
is predicted by the analytical model, it has not been possible to explain why the 
step-change in the optical output sometimes follows the fringe direction and 
sometimes does not. 
In the next chapter, Chapter 11, the conclusions of the thesis will be presented 
together with suggestions for further work. 
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Chapter II- Conclusions and further work 
11.1 Conclusions 
The material system used in the experiment here is an E-glass/epoxy laminate with a 
polarimetric sensor embedded in the 0' ply near 0/90 interface. The transparent nature 
of the GFRP composite makes it easy to observe and record the propagation of 
transverse cracks in relation to the position of the embedded sensors. Furthermore, the 
explanation of the response of the load, strain and optical signals to crack formation is 
easier due to the well-documented understanding of crack behaviour in a cross-ply 
laminate. 
The basic responses of polarimetric sensors of different types and under different 
embedding conditions (free sensor, sensor embedded in unidirectional laminate, 
sensor embedded in cross-ply laminate) have been obtained. True optical fringes can 
only be obtained by bending the lead-out optical fibre properly. Experiments of 
polarimetric sensors under different loading conditions (tensile loading, compression 
loading, fatigue tests) have been carried out. The polarisation state of polarised light 
in the fibre core has been analysed and shown to be understood. 
The temperature response of a polarimetric sensor has been tested and the results 
show that the sensor is not very sensitive to the temperature and not suitable to use as 
a temperature sensor, especially for short lengths. However this means that when the 
sensor with a length of 0.1 m is employed to detect cracks in a laminate in a 
ten, iperature-controlled lab, any thennal effects can be neglected 
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Different types of damage detection tests (transverse cracks in cross-ply coupons with 
and without circular holes) have been carried out. The experimental results show that 
there is a clear one to one relationship between the step-change of the optical output 
and the instant that the cracks pass the sensor. Such a sensor could therefore form the 
basis of a simple system for real time damage monitoring. 
Detection of cracks around a circular hole in a coupon by polarimetric sensors makes it 
possible to distinguish the effects of the cracks that pass the sensor and cracks that do 
not pass the sensor on the optical output of the sensor when a crack is developed. The 
experimental results confirm that when a crack passes the sensor, there will be a step 
optical signal change. When a crack occurs without passing the embedded sensor, no 
optical change can be obtained. This indicates that the step optical signal changes are 
induced by the complex interaction between the strain field around the matrix crack in 
the immediate vicinity of the crack tip and the embedded sensor. 
It has been shown that the polarimetric sensor can be made sensitive to matrix 
cracking damage over a particular, short length of the composite (with 2x451 splices 
embedded in the composite structure) or to be sensitive throughout the complete 
length of the composite (with 2x45' splices outside the composite structure). Such a 
sensor therefore has the potential for detecting damage in large composite structures 
since the sensing length can be very long. 
In addition, the optical output signals have been analysed using the FFT function in 
Origing software. The results show when a crack passes adjacent to an embedded 
sensor, components of high frequencies emerge in the Fourier series that represent the 
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step-optical change induced by the crack. The times that the characteristic frequency 
occurs can be obtained by the band pass FFT analysis; hence, the time that cracks 
occur can be identified. This makes it possible to detect transverse cracks in a 
composite structure in real time by an embedded polarimetric sensor in engineering 
applications. 
Further crack detection experiments using polarimetric sensors in double cross-ply 
coupons tested in tension have confirmed that when a crack grows in a 90' ply 
adjacent to the sensor, there are step-changes in the optical signal. When a crack 
develops without passing adjacent to the embedded sensor, no optical change is found. 
It has been shown that a polarimetric sensor can be employed to monitor strain change 
in four-point bending tests, both under quasi-static load and fatigue load. In addition, 
the sensor can be used to detect transverse cracks induced in quasi-static four-point 
bending tests as well. 
To determine the strain-optical parameters of the optical fibre utilised in the present 
work, the sensitivity of a bare fibre polarimetric sensor made of the Hi-Bi PANDA 
fibre has been measured experimentally and it has been shown that optical fringes can 
be obtained both under tension and diametric compression tests of the bare sensor. A 
phase-strain model available in the literature has been used to determine the 
characteristic parameters of the optical fibre (the K values). The results show that the 
PANDA fibre used lower strain sensitivity than Bow-Tie fibre. 
After the strain-optical parameters of the sensor have been obtained, it has been 
possible to discuss the sensitivities of an embedded sensors and the interaction 
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between the embedded sensor and cracks which pass the sensor in an adjacent ply. 
Firstly, the longitudinal sensitivity of a polarimetric sensor embedded in a 
unidirectional laminate has been measured under quasi-static tensile loading. The 
measured sensitivity is in reasonable agreement with the sensitivity predicted using 
the phase-strain model for a polarimetric sensor with the K values detennined from 
the tests carried out here on free sensors. 
Secondly, a model has been developed for the sensitivity of a polarimetric sensor 
embedded in a cross-ply laminate including the effect of the initial orientation of the 
optical axes of the sensor at the reference splice relative to the composite axes and the 
total twist angle of the sensor up to the second splice. A brief parametric study has 
shown that the sensitivities of the embedded sensor are affected by the initial 
orientations of sensor at small overall twist angles. When the overall twist angle of the 
embedded sensor increases, the sensitivity of the sensor reaches a constant value and 
is independent of the initial orientation. The trend of the predicted sensitivities is in 
reasonable agreement with the experimental results. 
Finally, with regard to damage detection, the problem of the interaction between an 
embedded sensor in the 0' ply and a crack that grows in the 90' ply within the gauge 
length of the sensor has been treated using a simple shear-lag model in conjunction 
with the phase-strain model. The analysis shows that when a crack passes, there will 
always be a reduction in the sensitivity of the sensor. The experimental results sho'ýN, 
that the sensitivity does indeed decrease with increasing numbers of cracks. However, 
although the reduction in sensitivity is predicted by the analytical model, it has not 
been possible to explain why the step-change in the optical output sometimes folloNvs 
the fringe direction and sometimes does not. 
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11.2 Further work 
This work has shown that matrix crack can be detected in transparent GFRP coupons 
with the cross-ply lay-up. On the experimental side, the first step of f urther work 
would be to show that such cracks can be detected in off-axis plies, e. g. 
Secondly, it is important to show that cracks can be detected in other composite 
systems, particularly CFRP. Finally, a complete engineering package should be 
demonstrated, using the FFT filter method to detect matrix cracking without the need 
to store large amounts of data. 
On the theoretical side, the theory developed here to predict the step-change in the 
optical signal when a crack passes is incomplete. An analytical solution of the 
problem may not be possible, given the complexity of the stress state around the core 
of a Hi-Bi fibre, and it may well be necessary to attempt to model the problem 
numerically. 
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Appendix A. Application of extensometer in four point 
bending experiments-Input and output from MAPLE 
When an extensometer is used in four-point bending tests, some analysis needs to be 
carried out to convert the strain signal provided by the extensometer attached to the 
specimen surface to the strain at the position of the embedded sensor. 
r 
As shown in Section 8.3, when the extensometer is attached to the top (concave) 
surface of the coupon in four-point bending tests, the following equation exists: 
, 
L12 L'I 2 
sin(-) =- R R-d 
Al 
When the extensometer was attached to the bottom surface of the coupon in four-point 
bending tests, the following equation exist: 
sin( 
L12 L'I 2 
R R+d 
A2 
In both equations, L12 is half of the gauge length of the extensometer, L'12 is half of 
the new length of the extensometer as a result of the bending, R is the radius of 
curvature of the beam and d half the thickness of the coupon. 
The accurate value of R in Equations (Al) and (A2) can be solved using Maple@ 
software, for example, the fsolve command. However, the data recorded by the 
computer controlling the fatigue machine always contain thousands of lines of strain 
data, , vhich means that thousands of R values should be calculated, and using the 
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fsolve command is not practicable. To obtain R values in real time, Maple 0, Excels 
and some approximation in calculation should be used. 
Extending the left side of equation Al and equation A2, and ignoring the orders 
higher than 3, the following equations can be obtained: 
L/2 (L/2)' L'I 2 
R 6R 3 R-d A3 
L12 (L12)3 L'I 2 
R 6R' R+d 
A4 
The roots of Equation A3 and Equation A4 were calculated using Maple@ and 
compared with accurate results computing with fsolve commands. The input 
commands and output results from Maple 6, including additional explanations, are 
shown below: 
>restart; 
Solution of equation A3 and equation A4 
>equationAl : =sin(a/R)=b/(R-d); 
equationA I := sln( 
a) b 
RR-d 
>equationA2 : =sin(a/R)=b/(R+d); 
eqltationA2 := sin RR+d 
>equationA3 : =a/R-a^3/6/R^3=b/(R-d); 
equationA3 :=a_a3 R 6R R-d 
>equationA4 : =a/R-a^3/6/R^3=b/(R+d); 
aa3b 
equationA4 :=R- 6R3 =R+d 
>solve(equationA3, fR)); 
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122-8d 
1R= (12a d-30dab+ 18db 
-2 
J81 b2d2+2a3 b- 108abd 
2-2a4+ 24 a2d2- 72 d4a 
(1 3) 
+2 V81 b2d2+2a3 b- 108 a bd 
2-2 
a'+ 24 a2d2- 72 d4 b) /(6 (-a + b)) - 
-a 
2+ab-2d 2) / (3 (-a + b) ( 12 a2d- 30 dab+ 18 db2-8d3 
-2 V81 b2d2+2a3 b- 108 a bd 
2-2a4 
+24 a2d2- 72 d4a 
+2V81 b2d2+2a3b- 108 abd2-2a4+ 24 a2d2- 72 d4 b) 
al, ýR= -( 12 a2 d- 30 da b+ 18 db 
2-8d3 
f 
-2 
/81 b2d2+2a3b- 108 abd2-2a4+ 24 a2d2- 72 d4a 
d 
3 (-a+ b) 
+2 V81 b2d2+2a3 b- 108 a bd 
2- 2a4+ 24 a2d2 - 72 d4 b) 
(1,13) 
/( 12 ( -a + b)) 
+ (-a 
2+ 
ab-2d 
2) /( 6 (-a + b) ( 12 a2d- 30 da b+ 18 db2-8d3 
-2 
J8') 1 bý d2+2a3b- 108 abd2- 2a4+ 24 a2d2 - 72 d4 a 
+ 2, \/81 b2d2+2a3b- 108 abd2- 2a4+ 24 a2d2 - 72 d4 
(1/3) 
b) 
d 
3 b) 
+I Ij 2 
((12 a2 d- 30 dab+ 18 d b2-8d3 
-2 
V81 b2d2+2a3b- 108 abd2- 2a4+ 24 a2d2 - 72 d4 a 
+2V81 b2d2+2a3 b- 108 abd 
2- 2a4+ 24 a2d2 - 72 d4 
(1/3) 
b) /(6 (- a+ b)) + 
-a 
2+ab 
-2d 
2) / (3 ( -a + b) (12 a2 d-30dab+ 18db 
2 
-8d3 
-2 
ý81 b2d2+2a3b- 108 abd2- 2a4+ 24 a2d2 - 72 d4 a 
+2 ý81 b2d2 +2 
3ab- 2 108 abd2- 
422 2a4 +24 
2ad2 4 
- 72 d4 
(1/3 
b) a R 
( 12 a2 d- 30 da b+ 18 db 
2_8d3 
-2 
ý81 2 2 a3S b- -12 -ý08 abd- 
4 
-2 -12 2ýa + 24 ad 
4 
-ý 72, 
d4 a 
+2 ý81 b2d2+2a3 b- 108abd 
2- 2a4+ 24 a2d2 - 72 d4 
(1/3) 
b) 12 ( -a + b)) 
+ (-a 
2+ 
ab-2d 
2) /( 6 (-a + b) ( 12 a2 d-30da b+18db 
2-8d3 
-2 Nf8l b2d2+2a3b- 108 abd2- 2a4+ 24 a2d2 - 72 d4 a 
+2 V81 b2d2+2a3b- 108 abd2- 2a4 +24 a2d2 - 72 d4 b) 
( 1'3 
3 
d 
(-a+ b) 
Ij 2 
((12 a2d- 30 dab+ 18 d b2-8d3 
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- 2, 
/81 b2d2+2a3b- 108 abd2-2a4+ 24 a2d2- 72 d4a 
+ 2,, /81 b2d 
2+2 a3 b- 108 abd2-2a4+ 24 a2d2-7 -2d 
4 b) /(6 (-a + b)) + 
-a 
2+ab-2d 2) / (3 (-a + b) ( 12 a2d- 30 dab+ 18 d b2 -8d3 
-2 
V81 b2d2+2a3 b- 108abd 2-2a4 +24 a2d2- 72 d4a 
2232224. (1,3) 
+2^ý/81 bd +2a b-108abd -2a4+24a d -72d b) )) 
) 
a, 
>solve(equationA4, {Rj); 
22 
-1 (-12 a d+ 30 da b- 18 db +8 d' 
-2 V81 b2d2 +2 a3 b - 108 a bd 
2 2a4 +24 a2d2 72 d4 a 
+2 ý81 bý d2+2 a3 b - 10-8 abd2 
-- 2a4+ 24 a2d2 72 d4 - 
(1 '3) 
b) /(6 (-a + b)) - 
-a 
2 
+ab -2d 
2) / (3 (-a + b) (-12 a2 d+30dab- 18db 
2+8d3 
-2 
ý81 b2d 2+2a3b - 108 abd2- 2a4+ 24 a2d2 - 72 d4 a 
+2 V81 b2d2+2a3b - 108abd 
2- 2 a4+24a 
2d2 
- 72 d4 b) +d 3 (-a + b) 
al, JR= - (-12 a2d +30dab-18db 
2+8d3 
-2 
V81 b2d2+2a3b - 108 abd2- 2a4+ 24 a2d2 - 72 d4 a 
+2 81 b2d2+2a3b - 108 abd2- 2a4 +24 a2d2 - 72 d4 b) 12 (-a + b)) 
+( -a 
2+ 
ab-2d 
2) / (6 (-a + b) ( -12 a2d+ 30 dab- 18 db2+8d3 
-2 
V81 b2d 2+2a3b - 108 abd2- 2a4+ 24 a2d2 - 72 d4 a 
+2 V81 b2d2+2a3b - 108 abd2- 2a4+ 24 a2d2 - 72 d4 b) 
(1/3) 
+d 3 (-a+ b) 
+I 2 
IV-3 ((-12 a2d+ 30 dab- 18 db2+8d3 
-2 
ý-81 23 - -Y + ia hý 
2 Fý- 
- IFO 8ab d' 
-4 
a4+ý24 ad 2 
Yd 
-- 72, d a 
+2 181 bý d2+2a3b - 108 abd2- 2a4+ 24 a2d2 - 72 d4 b) /(6 (-a + b)) + 
-a 
2 
+ab -2d 
2) / (3 (-a + b) (-12 a2d+ 30 dab- 18 db2+8d3 
-2 
ý81 b2d 2+2a3b - 108 abd2- 2a4+ 24 a2d2 - 72 d4 a 
+2 81 b2 d" +2a3b - 108 abd2- 2a4+ 24 a2d2 - 72 d4 
(1/3) 
b) al, JR= - 
(-12 a2 d+ 30 da b- 18 db 
2+8d3 
-2 
ý-8', 1 23 
-- 
bý2ý +2 a3T 
2 I! - 
ý08 
ca bd- 24 
TT 
a4+ý24 ad 
ýT 
--72d a 
+2 V81 b2d2+2a3b - 108 abd2- 2a4+ 24 a2d2 - 72 d4 b) 12 (-a + b)) 
+( -a 
2+ 
a"b -2d 
2) / (6 (-a + b) ( -12 a2d+ 30 dab- 18 db2+8d3 
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22424 
-2 81 b"d +2 a' b- 108 a bd -2 a +24 a" d -72d a 
d 722 3242 
+ 2,, [81 b d" +2ab- 108 abd-2a+ 24 a-' d- 72 
d4 b)(I + 
11 J3 ((-12 a2d+ 30 dab- 18 db2+8d3 2 
2,, /81 b2 d-' +2 a3 b- 108 abd2-2a4+ 24 a)d2- 72 d4a 
(I --, ) 
+2 V81 b2d2+2a3 b- 108 a bd 
2-2a4+ 24 a2d2- 72 d4 b) /(6 (-a + b)) + 
-a 
2+ab-2d 2) / (3 (-a + b) (-12 a2d+ 30 dab- 18 db2+8d3 
- 2,18 1 
V- -d 2+2a3b- 108 abd2-2a4+ 24 a2d2- 72 d4a 
2 V81 b2d2+2a3 b- 108 abd 
2-2a4+ 24 a2d2- 72 d4 b) 
(1/3) 
Error Check 
Let a=2 5 mm, b=2 1 mm, d= 1.5 mm 
>a : =25; 
>b : =21; 
>d : =1.5; 
25 
21 
d: = 1.5 
>fsolve(equationAl, (Rl); 
ýR= 29.55167703 1 
>solve(equationA3, IRI); 
tR= -22.09338681 R=1.473644088 R= 29.99474272 
The error of equationA3 is 1.50%. 
Let a=25mm, b=23mm, d=1.5mm 
>a : =25; 
>b : =23; 
>d : =1.5; 
25 
23 
d: = 1.5 
>fsolve(equationAl, IRI); 
fR= 45.82696308 
>solve(equationA3, IRI); 
IR= -2 8.805 84644 R=1.471274963 
R= 46.0845 7147 
The error of equationA3 is 0.56%. 
Let a=25mm, b=24.9mm, d=1.5mm 
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ý>a : =25; 
>h : =24.9; 
>d : =1.5; 
25 
b := 24.9 
d: = 1.5 
f solve (equationA3, {Rj) ; 
IR= 434.6917525 1 
>solve(equationA3,1RI); 
R= -61.16948195 R=1.469045191 R= 434.7004368 
The error of equation2 is 0.00 199%. 
Position of the extensometer 
>a : =25; b : =25.1; d : =1.5; 
25 
25.1 
d: = 1.5 
>solve(equationA4, JRJ); 
fR=-1.468811647 R= 94.22609186 R= 282.2427198 
>a : =25; b : =24.9; d : =1.5; 
25 
24.9 
d: = 1.5 
>solve (equatlonA3, fRj); 
fR= -61.16948195 R=1.469045191 R= 434.7004368 
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Appendix B. Application of extensometer in four point 
bending experiments-Functions in Excelo 
As shown in Appendix A, the conversion of the strain signal from the extensometer to 
the strain signal at the position of the embedded sensor, some complex calculations 
needs to be carried out. These calculations are done by the help of Excel"'. 
The first ten lines for a computation of a real set of data from Excele are displayed in 
Table B. 1. 
The first three columns are real experimental data obtained from the fatigue test 
machine. b is calculated from the strain signal from the extensometer. d is half 
thickness of the coupon. R is the radius of the beam and the strain at the position of 
the sensor is computed in the last column. The other columns are internal functions 
for the computation. These computations are complex number computations and the 
formulas of the internal functions are listed at below: 
Table B. 1. The computations carried out by Excel 
strain at 
Time Load kN Strain 1%b dABCDE12 34567 R 1/R position of 
sensor 
0 -8.2E-04 -1.1 E-03 24.99ý 1.8 4.99 -45. (1.71-6. K -2.7,132! 13, 5. E+04 -l(lD3.9'7944 1.6E+05 6.3E-06 7.9E-04 
0.02 5.5E-04 -1.5E-03 24. W 1.8 4.99 -45. (1.7ý -6.3, -3.7 979'9T 4. E+04 -7f 78 2.015872 1.2E+05 8.5E-06 1.1 E-03 
0.04 3.6E-04 -1.3E-03 24. W 1.8 4.99 -45. (1.71-6.31' -3.2 115: 11 5. E+04 -9' , 92 -2.1: 691, r 1.4E+05 7.2E-06 9. OE-04 
0.06 4.5E-04 -1.3E-03 24. W 1.8 4.99 -45. (1.7ý -6. K -3.3.111,11 4. E+ 04 -8ý 89 4.7! 6681 1.3E+05 7.5E-06 9AE-04 
0.08 2.1 E-03 -1.8E-03 24.99ý 1.8 4.99 -45. ' 1. T -6.3, -4.5 812 8 1, 3. E+04 -6z 64- -2.1486E 9.7E+04 1. OE-05 1.3E-03 
0.1 -7.5E-05 -2.4E-03 24. M 1.8 5.00 -45. ' 1.7ý -6.3, ý -5.8,630(63( 3. E+04 -5(504.0: 377ý 7.5E+04 1.3E-05 1.7E-03 
0.12 -1.9E-03 -2.7E-03 24.99ý 1.8 5.00 -45. ' 1.71-6.34 -6.7 553,55, 2. E+ 04 -4z 44.1.8! 331 ý 6.6E+04 1.5E-05 1.9E-03 
0.14 -1.7E-03 -2.7E-03 24. W 1.8 5.00 -45. ' 1.71-6.34 -6.8 540154( 2. E+C)4 -4,: 43.8.9, '323-/ 6.5E+04 1.5E-05 1.9E-03 
0.16 -4. OE-03 -2.8E-03 24.99ý 1.8 5.00 -45. ' 1.71 -6.34 -7.0-528* 52f 2. E+04 -4,42 9.9,316E 6.3E+04 1.6E-05 
2. OE-03 
b=COMPLEX(25*(I+C2/100), O, Illvf) 
A=IMSQRT(-2 *25^4+2 *25/3 *$D$2+24*25/2 *E2/2-108*25 *$D$2*E2/2- 
72*E2^4+8 I *$D$2/2*E2"2) 
B=IMSUM(E2*7500-750*E2*$D$2+18*E2*$D$2*$D$2- 
8*E2^3, IMPRODUCT((2*$D$2-50), F2)) 
C=IMPOWER(G251/3) 
D==COMPLEX(-625+25*$D$2-2*E2*E2,0, "i") 
239 
AppendLy B 
E=COMPLEX(-25+SDS2,0, 'T') 
I- IMDIV(H2, -0.48*J2) 
2=IMDIV(25*12, IMPRODUCT(6*J2, H2)) 
3=-25*E2/3/J2 
4=IMPRODUCT(COMPLEX(-0.08,0, "i"), K2) 
5=IMPRODUCT(COMPLEX(O. 08,0, "i"), L2) 
6=IMSUM(02, N2) 
7=IMPRODUCT(COMPLEX(O, -25*3^0.5/2, "i"), P2) 
R=IMREAL(IMSUM(K25L25M2, Q2)) 
1/R=1/R 
Strain at the position of the sensor--1.25/R 
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Appendix C. The change of sensitivities of optical fibre embedded in 
cross-ply laminates -- Input and output from Maple@ 
The calculations of equations in Section 10.2 are carried out using Maple'! ý. Detailed 
analysis can be found in Section 10.2, only the input commands and output results, 
including instructive texts from Maple@, are recorded here: 
f 
>restart; 
The three normal strains in the optical fibre: 
>strain20 : =-v12*strain1O; 
strait12O := -02 straiWO 
>strain30 : =-vl3*strainlO; 
strain30 := -v]3 strainlO 
The three normal strains in the optical axis of the core: 
>strainl : =strainlO; 
strain] : =strainIO 
>s train2 -= 
strain20*cos (thetaO+theta/LO*l) '2+strain3O*sin (thetaO+the 
ta/LO *J)A 2; 
straitz2 := -02 strainJO cos 00 + 
01 
2- 
v13 strainlO sin 00 +01 LO LO 
> strain3 
: =strain20*sin (thetaO+theta/LO*l) ^2+strain3O*cos (thetaO+t 
heta/LO*1)^2; 
2 
strain3 := -02 strainlO sin 00 +01- 03 strainlO cos 
00 + 
LO) LO 
Sensitivity of the optical sensor: 
> Integration : =kl*strainl+k2*strain2+k3*strain3; 
Integration := kl strainlO 
22 
+ k2 -02 strainlO cos 00 + 
ol 
- 03 strainlO sin 00 +01 LO LO 
+Uv, 12 strainlO sin 00 + 
01 
v13 strainJO cos 00 +01 LO LO 
>phase_cha7ge : =2*pi/lamda*int (Integration, 1=0. LO) ; 
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phase_change := 7t strainlO LO (k2 v12 cos(OO) sin(OO) - k2 1,13 cos(OO) sin(OO) 
-U vl2 cos(OO) sin(OO) +U v13 cos(OO) sin(OO ) 
" k2 v13 COS(oo )2 cos(O) sin(O) - k2 W3 sin(OO ) sin( 0 
)2 COS(oo 
"U v12 COS(oo ) COS(0)2 sin(OO) + k3 W2 COS(oo )2 COS(o) sin(O) 
-U v12 sin(OO 
)2 sin(O) cos(O) -U v12 sin(OO) sin(O 
)2 COS(oo) 
-U 03 COS(oo 
) COS(0)2 sin(OO) -U 03 cos(00)2 cos(O) sin(O) 
- k2 03 sin(OO 
)2 sin(O) cos(O) +U 03 sin(OO )2 sin( 0) COS( 0) 
+ k3 03 sin(OO) sin( 0)2 cos(OO) - k2 v12 COS( 
00 ) COS( 0)2 sin(OO) 
- k2 02 COS(oo 
)2 cos(O) sin(O) + k2 v12 sin(OO )2 sin(O) cos(O ) 
+ k2 02 sin(OO) sin(O), I cos(OO) + k2 03 cos(OO) cos(O) I sin(OO) - k2 v12 0 
+2 kl 0- k2 03 0-U 03 0-U 02 O)l(lamda 0) 
> sensitivity : =phase change/strainl/LO; 
sensitivity :=z (k2 W2 cos(OU) sin(OO) - k2 v13 cos(OO) sin(OO) 
-U 02 cos(OO) sin(OO) +U 03 cos(OO) sin(OO) 
+ k2 v13 COS(00)2 COS(o) sin(O) - k2 v13 sin(OO) sin(O 
)2 COS( 00 
+ k3 vJ2 COS(00) COS(0)2 sin(OO) +U 02 COS( 00 )2 COS(o ) sin(O) 
-U 02 sin( 
00)2 sin(O) cos(O) -U 02 sin(OO) sin(O 
)2 COS( 00 ) 
- k3 v13 COS(oo 
) COS(o )2 sin(OO) -U 03 COS( 
00 )2 COS( 0) sin(O) 
- k2 v13 sin(OO 
)2 sin(O) cos(O) +U 03 sin(OO )2 sin(O) cos(O) 
+ k3 v13 sin(OO) sin(O )2 cos(OO) - k2 02 COS( 
00 ) COS( 0 )2 sin(OO) 
- k2 v12 COS(00)2 cos(O) sin(O) + k2 02 sin(OO 
)2 sin(O) cos(O) 
k2 v12 sin(00) sin(0 )2 cos(00) + k2 v13 COS(O0) COS(0)2 sin(00) - k2 v12 0 
2 kl 0- k2 v13 0- k3 v13 0- k3 v12 0)1(Iai7ida 0) 
When a free sensor is under tension; 
>kl : =-0.055; 
kl := -0.055 
>k2 : =-. 204; 
k2 := -0.204 
>k3 : =-. 225; 
U := -0.225 
>lamda : =0.000633; 
lainda :=0.000633 
>v12 : =0.154; 
v12 :=0.154 
>v13 : =0.154; 
1, -13 :=0.154 
>eval(sensitiv]-ty); 
34.96366509 g 
>SimplifyM; 
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34.96366509 n 
When a sensor is embedded in an unidirectional laminate: 
>v12 : =0.169; 
v12 :=0.169 
>v13 : =0.169; 
v13 :=0.169 
>v13 := . 169; 
ly13 :=0.169 
>eval(sensitivity); 
55.29541864 Tu 
s impl Ify (-0, ) ; 
55.29541864 7r 
When a sensor is embedded in a cross-ply coupon: 
>EO : =(b*El+d*E2)/(b+d); 
EO: = 
b EI +dE2 
b+d 
>strain_l : =stress/EO; 
strain-I := 
stress (b + d) 
bEl +dE2 
>strain_2 
stress*Vl2*E2* (b+d) ^2/ (b*E2+d*El) / (b*El+d*E2) 
strain_2 :=- 
stress V12 E2 (b +d )2 
- (bE2 +dEI) (bEl +dE2) 
>strain_3 : =-Vl3*strain_l-V23*strain_2; 
strainj :=- 
VJ3 stress (b + d) 
+ 
V23 stress VJ2 E2 (b +d )2 
b El + dE2 (b E2 +d El) (b El +d E2) 
>v12 : =-strain_2/strain-l; 
v12 := 
VI2 E2 (b + d) 
b E2 +d EI 
>v13 : =-strain 
- 
3/strain-1; 
V13 stress (b + d) V23 stress V12 E2 (b +d )2 
v13 :=b 
El + dE2 I (bE2 + dEl) (b El + dE2) 
stress (b + d) 
>b 
1.0 
>d 
d: = 0.5 
(b EI +d E2) 
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ý>V12 : =0.326; 
V12 :=0.326 
>V13 : =. 326; 
V13 :=0.326 
>V23 : =0.303; 
V23 :=0.303 
>El : =39*10^9; 
>E2 : =11*10^9; 
EI := 39000000000 
E2 :=I 1000000000 I 
>eval(vl2); 
0.1763606557 
>eval(vl3); 
0.2725627215 
The actual Poisson's ratio seen by the sensor are: 
>v12 : =0.162; 
v12 :=0.162 
>v13 : =0.167; 
v13 :=0.167 
> simplify (sensitiv]-ty) ; 
0.3000000000 10-9 n (0.1639863086 1012 0 
* 0.11058,45182 10 10 COS( 00 ) COS(O )2 sin(00) 
* 0.1105845182 10 10 COS( 00 )2 cos(0) sin(0) - 0.552922591 109 sin(0) cos(0) 
- 0.1105845182 1010 cos(00) sin(00»/ü 
>theta0 : =O; 
00 :=0 
>slmplify(sensitivity); 
0.3000000000 10-9 n (0.1639863086 1012 0+0.552922591 109 sin(0) cos(0» 
0 
>limit (sensitivity, theta=O) ; 
49.36176935 Tc 
limit(sensitivity, theta=infinity); 
49.19589258 7r 
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Appendix D The interaction between a sensor embedded in cross-ply 
laminate and a transverse crack past in adjacent 0' ply-- Input and 
output from MaplJ 
The calculations of equations in Section 10.3.1 are carried out using MaplJ. Detailed 
analysis can be found in Section 10.3.1, only the input commands and output results, 
including instructive texts from Maple@, are recorded here: 
> restart; 
For a cross-ply laminate, the three normal strains in the 0 ply are: 
> EO := (b*El+d*E2) / (b+d) ; 
EO -. = 
b EI +dE2 
b+d 
>Strainl-c : =stress/EO; 
strain]-c . 
stress (b + d) 
bEl +dE2 
>strain2_c : =-vl2*strainlO; 
strain2_c := -02 strainlO 
>strain3_c : =-vl3*strainlO; 
strain3_c := -v]3 strainlO 
When the sensor is embedded in a cross-ply laminate, the normal strains in the optical 
axis are: 
>strainlO : =stress/EO; 
strain10 : 
stress (b + d) 
b EI + dE2 
>strain20 : =-vl2s*strainlO; 
strain20 :=- 
vl2s stress (b + d) 
b El +d E2 
>strain3O : =-vl3s*strainlO; 
strain30 :=- 
v13s stress (b + d) 
b EI +dE2 
When the sensor has an orientation of theta before a crack forms: 
>strainl : =strainlO; 
strain] := 
stress (b + d) 
b El + dE2 
>strain2 := 
strain20*cos(thetaO)^2+strain3O*sin(thetaO)^2; 
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strain2 :=- v12s stress 
(b + d) COS( 00)2 
b EI +dE2 
vl3s stress (b + d) sin( 00)2 
bEl +dE2 
>strain3 : =strai-n2O*sin(thetaO)^2+strain3O*cos(thetaO)^2; 
strain3 
vl2s stress (b + d) s.. In(OO vl3s stress (b + d) cos(OO 
b El + dE2 b El +d E2 
integration : =kl*strainl+k2*strain2+k3*strain3; 
kl stress (b + d) 
(', i (_Li LUll 
+ k2 
+U 
b EI + dE2 
02s stress (b + d) COS( 00 )2 
b El + dE2 
02s stress (b +' d) sin( 00)2 
b EI +dE2 
,, 13s stress (b+ d) sin( 00 )" 
bEl +dE2 
vl3s stress (b + d) COS( 00 )2 
b El +d E-2 
> phase 
- 
before_crack : =2*pi/lamad_optics*int (integration, 
1=0. . LO) ; 
phase be 
kl stress (b + d) LO 
_ 
fore_crack :=2 7r b El + dE2 
k2 - 
vl2s stress (b + d) COS(00)2 
bEl +dE2 
1 7, :2( vl2s stress (b + d) sin(OO 
)2 
-T- n -Y (-- 
lamad-optics 
b EI + dE2 
vl3s stress (b + d) sin(OO )2 
b El + dE2 - 
LO 
03s stress (b + d) COS( 00 )2 LO 
b F1 +d E2 
When there is a crack occurs at an orientation of theta with distances of LI and L2 to 
the two splices, the three normal strains in the host composite are: 
>strain_10 : =strainl-c+stress*d/b*E2/EO*exp(-lamad*y)/El-; 
straitz-10 :=. 
stress (b + d) Ps ress 
dE2 (b + d) e 
(-Iamady) 
bEl +dF? b(bEI +dE2)El 
> strain 20 
=s train2 c+stress*Vl2*E2*(b+d)^2/(b*E2+d*El)/(b*El+d*E2) 
(1- (b*El+d*E2) /El/ (b+d) ) *exp (-lamad*y) ; 
strain-20 :=- 
02 stress (b + d) 
b EI + dE2 
cfocc V17 1- 
b EI + dE2 
0(, 1 U, 3,3 r1. ý L/ 1"7ýL EI (b + d) 
(b E2 +d EI )(b EI +d E2 ) 
>strain_30 : =-Vl3*strain_10-V23*strain_20; 
strain-30 
V23 - 
-V13 
stress (b + d) stress d E2 (b + d) e 
bE]+dE2 b(bE]+dE2)EI 
b El + dE2 
v12 stress (b + d) 
bEl +dE2 -I- 
stress VJ2 E2 (b + d)` 1- EI (b + d) 
(bE2+d EI) (b EI +dE2) 
The strains seen by the optical fibre in x-y coordinate are: 
>strain_lf : =strain-10; 
(-lamady) 
e 
(-lainad. v) 
e 
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(-Iamad v) 
strainjf := 
stress (b + d) + stress 
d E2 (b + d) e 
b El + dE2 b(bEl +dE2)El 
>strain 2f : =vl2s/vl2*strain_20; 
stmiti 
_ýf. 
stress VI 2 E2 (b+d )2 1-b 
EI+ dE9 
e 
(-lamady) 
v12s - 
v72 stress (b + d) EI (b + d) 
) 
b EI + dE2 
+ (bE2+d EI) (b EI +dE2) 
02 
>strain_3f : =v13s/v13*strain-30; 
strain 3 -VJ3 
siress (b + d) stress d E2 (b + d) e 
(-lainady) 
_ 
ýf := v13s b EI + dE2 
+b (b EI +d E2) EI 
stress VJ2 E2 (b + d) 2, _b 
EI +d E2 ý 
V23 - 
v12 stress (b + d) Ei (b + d) 
b EI +dE2 (b E2 +d EI) (b Ei +d E2) 
v13 
The three nonnal in the optical axis of the sensor are: 
>strain_1 : =strain_1f; 
strain-I := 
stress (b + d) 
, 
stress d E2 (b + d) e 
(-Iamudy) 
b El + dE2 b(bEI +dE2)El 
> strain 2 
: =strain_2f *cos (thetaO) ^2+strain_3f *sin (thetaO) ^2; 
strain 2 := vl2s 
(-Iantady) 
stress VI2 E2 (b +d )2 
1-b EI +d E2 e 
(-laniady) 
v12 stress (b + d) EI (b + d) 
b EI + dE2 (b E2 +d EI) (b EI + dE2) 
stress (b + d) stress d E2 (b + d) e 
(-lamad y) 
COS( 00 )21v, 12 + 03s -V]3 bE]+dE2 b (b El + dE2) El -- 
b El + dE2 (-lamad y) 
V23 - 
02 stress (b + d) + 
stress V12 E2 (b +d 
)2 1_ 
El (b +de 
1\ 
b El +d E2 (b E2 +d El) (b El +d E2) 
sin(OO )2/V 13 
> strain 3 
: =strain_2f*sin(thetaO)^2+strain_3f*cos(thetaO)^2; 
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strain-3 := vl2s 
v12 stress (b + d) 
b EI +dE2 
stress VJ2 E2 (b +d )2 1-b 
Ei +d E2' 
EI (b + d) 
(b E2 +d EI) (b EI +d E2) 
qln( An ý2/1,1 2 -4- V/ 3q -VI ý( 
stress (b + d) 
_4. 
(-lamady) 
e 
stress d E2 (b + d) e 
(-lamady) ) 
bEl +dE2 ' b(bEl +dE2)El 
V23 - 
v12 stress (b + d) 
b EI +d E-9 
COS( 00 )2/vI3 
stress VI2 E2 (b + d)2 ,_b 
EI +d E2. 
e 
(-lanlad y' ) 
EI (b + d) 
(b E. 2 +d EI ) (b EI +d E2) 
I 
>integration_crack : =kl*strain_l+k2*strain_2+k3*strain_3; 
integration crack := kl 
stress (b+ d) 
+ 
stress d E2 (b + d) e 
(-lamady) 
+ k2 02s bEl +dE2 b (bEl +dE2)El 
v12 stress (b + d) 
b EI + dE2 
stress V12 E2 (b +d )2 1-b 
EI +dE2) 
e EI (b + d) 
(b E2 +d EI) (b EI +d E2) 
2 /, Tý,, ýý stress 
(b+ d) stress d E2 (b + d) e 
(-lamady) I 
vu j11 vi -, ', ) ('" -' ýb EI +d E2 -' b (b EI +d E2) EI 
T17 ?ý- v12 stress (b + d) 
bEl +dE2 
sin(OO ) 
2/V13 
+U vl2s 
stress V12 E2 (b + d) 
21_ bEl +dE2 
e 
(-lamad-v) 
El (b + d) 
(bE2 +dEl) (bEl +dE2) 
stress V12 E2 (b +d )2 1-b 
El + dE2 
v12 stress (b + d) El (b + d) 
Ib 
El + dE2 (b E2 +d El) (b El +d E2) 
I 
sin(OO )21v]2 + vl3s -V13 
V23 - 
v12 stress (b + d) 
b EI +d E-9 
CC)S( 00 )2/1,13 
(-lamad. v) 
e 
stress (b + d) stress d E2 (b + d) e 
(-Iumudy) 
bE]+dE2 b(bE]+dE2)EI 
stress V12 E2 (b +d )2 1- 
bEl +dE2 
e 
(-lainudy) 
El (b + d) 
(b E2 +d El) (b El +d E2) 
>phase 
- 
after crack 
: =2*pi/lamad - 
optics*(int(integration_crack, 
y=O.. Ll)+int(integration_crack, y=O.. L2)); 
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phase ar 
2 (-laniadL1) 
- 
fter_crack :=2n (- (kl v12 v13 d E2 eb 
+ kl v12 v13 d2 E2 e 
(-lamad L1) 
EI + k2 v12s COS(O0)2 v13 b2 v12 LI EI laniad E2 
+ k2 v12s COS( 00 )2 v13 b v12 LI E12 lamad d 
(-lamad L1 
C + k2 v12s oS(O0)2 v13 b VJ2 E2 de EI 
- k2 v12s COS( 
00 )2 v13 b V12 E2 
2de (-lamad L1) 
+ k2 v13s sin(00 )2 v12 V13 LI b2 EI lainad E, 2 
+ k2 v13s sin(00 )2 v12 VJ3 LI b E12 lamad d 
- k2 v13s sin( 00)2 v12 VJ3 dE. 2 
2e (-laiiiadL1) b 
- k2 v13s sin(00 
)2 v12. VJ3 d2E. 2 e 
(-lattiad L1) 
EI 
- k2 v13s sin( 00 
)2 v12 
2 V23 b2 LI EI lainad E2 
- k2 v13s sin(00 
)2 v12 
2 V23 b LI E12 lamad d 
- k2 v13s sin(00 )2 v12 V23 b V12 E2 de 
(-laniad L1) 
EI 
+ k2 v13s sin( 00)2 v12 V23 b VI2 E2 
2de (-lainad L1) 
+ k3 v12s sin(00 )2 v13 b2 v12 LI EI lamad E2 
+ k3 v12s sin( 00)2 v13 b v12 LI E12 laniad d 
+ k3 vl. 2s sin(00 )2 v13 b V12 E2 de 
(-lainad L1) 
EI 
- k3 v12s sin( 
00)2 v13 b VJ2 E2 
2de (-laniad L1) 
+ k3 v13s COS( 00 )2 v12 VJ3 LI b2 EI lainad E2 
+ k3 v13s COS( 00 )2 v12 VJ3 LI b E12 lamad d 
- k3 v13s COS(O0)2 v12 VJ3 dE. 2 
2e (-laniad L1) b 
- k3 v13s cos(00 
)2 v1.2 VJ3 d2 E2 e 
(-lamad L1) 
EI 
- k3 v13s COS(O0)2 v12 
2 V23 b2L1 EI lainad E2 
- k3 v13s COS( 
00 )2 v12 
2 V23 b LI E12 lainad d 
- k3 v13s COS( 
00 )2 v12 V23 b V12 E2 de 
(-lamad L1) 
EI 
+ k3 v13s COS( 00 )2 v12 V23 b V12 E2 
2de (-lamad L1) 
- kl v12 v13 LI b2 Ei lainad E2 - kl v12 v13 LI b 
E12 lamad d 
- kl v12 v13 d E2 Ei + k3 v13s cos(00) v12 V13 d- E2 EI 
+ k3 v13s COS( 00 )2 v12 V23 b VI2 E2 d EI 
- k3 v13s COS( 
00 )2 v12 V23 b VJ2 E2 
2d- k2 v12s COS(00 )2 v13 b VI2 E2 d EI 
" k2 v12s COS( 00 )2 v13 b VJ, 2 E2 
2d+ k2 v13s sin(00 )2 v12 V13 dE2 
2b 
" k2 v13s sin( 00)2 v12 V13 d2 E2 EI + k2 v13s sin(00 )2 v12 V23 b VJ2 E2 d EI 
- k2 v13s sin(00 
)2 v12 V23 b VJ2 E2 
2d- kl v12 v13 d E2 
2b 
- k3 v12s sin( 
00)2 v13 b VI2 E2 d EI + k3 v12s sin(00 )2 v13 b VI2 E2 
2d 
+ k3 v13s COS( 00 )2 v12 VJ3 dE2 
2 b) stress (b + d)I(b v13 lattiad Ei (b EI +d E2) 
(b E2 +d EI ) v12) - (kl v12 v13 d E2 
2e (-lanzad L2) b 
+ kl v12 v13 d2 E2 e 
(-lantad L2) 
EI + k2 v12s COS( 00 )2 v13 b2 v12 L2 EI lainad E2 
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+ k2 vl2s COS(00)2 03 b 02 L2 E 
12 lamad d 
+ k2 vl2s COS( 00 )2 03 b V12 E2 de 
(-lamad L2) 
El 
- k2 vl2s COS(00)2 03 b V12 E2 
2de (-lamad L2) 
+ k2 vl3s sin( 00)2 02 V13 L2 b2 El lamad E2 
+ k2 vl3s sin(OO )2 02 V13 L2 b E12 lamad d 
- k2 vl3s S111(00)2 vl2 V13 d E2 
2e (-lamad L2) b 
- k2 v13s sin( 
00)2 v12 V13 d2 E2 e 
(-laniad L2) 
EI 
- k. 2 v13s sin(00 
)2 v12 
2 V23 b2 L2 Ei laniad E2 
- k2 v13s sin(00 
)2 v12 
2 V23 b L2 E12 lamad d 
- k2 v13s sin(00 
)2 v]2'V23 b VI2 E2 de 
(-lainad L2) 
EI 
+ k. 2 v13s sin( 00)2 v12 V23 b VI2 E.? 
2de (-lamad L2) 
+ k3 v12s sin(00 )2 v13 b2 v12 L2 EI lainad E2 
+ k3 v12s sin(00 )2 v13 b v12 L2 E 12 lainad d 
+ k3 v12s sin(00 )2 v13 b VJ2 E2 de 
(-laniad L2) 
EI 
- k3 v12s sin(00 
)2 v13 b VI2 E2 
2de (-lamad L2) 
+ k3 v13s COS(oo )2 v12 V13 L2 b2 EI lamad E2 
+ k3 v13s COS(00 )2 v12 V13 L2 bE 12 laniad d 
- k3 v13s COS(O0)2 v12 V13 dE2 
2e (-laniad L2) b 
- k3 v13s cos(00) 
1) v12 V13 d2 E2 e 
(-laniad L2) 
EI 
- k3 v13s COS(00 
)2 v12 
2 V23 b2 L2 EI laniad E2 
- k3 v13s COS(00 
)2 v12 
2 V23 b L2 E12 laniad d 
- k3 v13s COS(O0)2 v12 V23 b VJ2 E2 de 
(-lamad L2) 
EI 
+ k3 v13s COS( 
00 )2 v12 V23 b VJ2 E2 
2de (-laniad L2) 
- kl v12 v13 L2 b2 EI lamad E2 - kl v12 v13 L2 b 
E12 laniad d 
- kl v12 v13 d2 E2 Ei + k3 v13s COS(O0)2 v12 VJ3 d2 E2 Ei 
+ k3 v13s COS(O0)2 v12 V23 b VJ2 E2 d EI 
- k3 v13s COS( 
00 )2 v12 V23 b V]2 E2 
2d- k2 v12s COS( 00 )2 v13 b VJ2 E2 d EI 
" k2 v12s COS( 
00 )2 v13 b VJ2 E2 
2d+ k2 v13s sin(00 )2 v12 V13 d E. 2 
2b 
" k2 v13s sin( 
00)2 v12 VJ3 d2 E2 EI + k2 v13s sin(00 
)2 v12 V23 b V12 E2 d EI 
- k2 v13s sin(00 
)2 v12 V23 b V12 
E22 d- kl v12 v13 dE2 
2b 
- k3 v12s sin(00 
)2 v13 b VJ2 E2 d EI + k3 v12s sin(00 
)2 v13 b V12 E2 
2d 
+ k3 v13s COS(O0)2 v12 VJ3 dE2 
2 b) stress (b + d)I(b v13 lamad EI (b EI +d E2) 
(b E2 +d EI) v]2»llamad-optics 
>phasechange : =phase_after_crack-phase_before_crack; 
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phasechange :=2n (- (kl v12 v13 d E2 1e 
(-laniad L1) b+ kl v12 v13 d2 E2 e 
(-laniad L1) 
EI 
+ k2 v12s cos(00) 
2 
v13 b2 v12 L1 EI lainad E2 
" k2 VI.? S COS( 00 )2 v13 b v12 LI E12 Iainad d 
" k2 v12s COS(00 )2 v13 b VJ2 E.? de 
(-lainad L1) 
EI 
- k2 v12s COS( 
00 )2 v13 b VI2 E22 de 
(-laitiail L1) 
+ k2 v13s sin(00 )2 v12 V13 LI b2 EI lainad E2 
+ k2 v13s sin(00 )2 VI2 V13 LI b E12 laniad d 
- k2 v13s sin(00 
)2 v12 V13 d E22 e 
(-laniad Ll )b 
- k2 v13s sin(00 
)2 v12, V13 d2 E2 e 
(-laniad L1) 
EI 
- k2 v13s sin(00 )2 V122 V23 b2 Ll EI lamad E2 
- k2 v13s sin(00 )2 V122 V23 b LI 
E12 lamad d 
- k2 v13s sin( 00)2 V12 V23 b VI2 E2 de 
(-laniad L1) 
EI 
+ k2 v13s sin( 00)2 VI2 V23 b VI2 E22 de 
(-laniad L1) 
" k3 VI2S S, 1l(00 )2 v13 b2 v12 L1 EI laniad E2 
" k3 v12s sin(00 )2 v13 b v1.2 LI E 12 laniad d 
+ k3 v12s sin(00 )2 v13 b VI2 E2 de 
(-laniail L1) 
EI 
- k3 v12s sin(00 
)2 v13 b VJ2 E22 de 
(-laniad L1) 
+ k3 v13s COS(oo )2 VI2 V13 LI b2 EI lamad E2 
+ k3 v13s COS(O0)2 VI2 V13 LI b E12 laniad d 
2 (-laniadL1) 
- k3 v13s ()S(O0)2 v12 V13 d E2 eb 
- k3 v13s COS(O0)2 v12 V13 d2 E2 e 
(-lamad L1) 
EI 
- k3 v13s COS(O0)2 v12 
2 V23 b2 LI EI lamad E2 
- k3 v13s COS(O0)2 v12 
2 V23 b LI E12 laniad d 
- k3 v13s CoS(oo 
)2 v12 V23 b V12 E2 de 
(-lainad L1) 
EI 
+ k3 v13s COS(00 )2 v12 V23 b VI2 E2 
2de (-laniad L1) 
- kl v12 v13 LI b2 EI lamad E2 - kl v12 v13 LI b 
E12 Iainad d 
- kl v12 v13 d2 E2 EI + k3 v13s COS(00 
)2 v12 V13 d2 E2 EI 
+ k3 v13s COS(O0)2 v12 V23 b VI2 E2 d EI 
- k3 v13s COS(O0)2 v12 V23 b VI2 E2 
2d- k2 v12s COS( 
00 )2 v13 b V12 E2 d EI 
" k2 v12s COS( 
00 )2 v13 b VJ2 E22 d+ k2 v13s sin(00 
)2 v12 V13 dE2 
2b 
" k2 v13s sin( 
00)2 v12 V13 d2 E2 EI + k2 v13s sin(00 
)2 v12 V23 b VJ2 E2 d EI 
- k. 2 v13s sin( 
00)2 v12 V23 b VI2 E22 d- kl v12 v13 d E. 22 b 
- k3 v12s sin( 
00)2 v13 b VJ2 E2 d EI + k3 v12s sin( 00)2 v13 b VJ2 E2 
2d 
+ k3 v13s COS(00 )2 v12 VlidE. 2 
2 b) stress (b + d)I(b v13 lainad EI (b EI +d E2) 
(b E2 +d EI) v12) - (kl vl? v13 dE2 
2e (-laniad L2) b 
+ kl i-l-? v13 d2 E2 e 
(-laniad L-) 
EI + k2 v12s COS(00 )2 v13 b2 v12 L2 Ei laniad E2 
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+ k2 v12s COS( 00 )2 v13 b v12 L2 E 
12 laniad d 
+ k2 v12s COS(O0)2 v13 b VJ2 E2 de 
(-lamad L2) 
EI 
- k2 vl. 2s cos(00 v13 b VI2 E2 
2de (-laniad L. 
+ k2 v13s sin(00 )2 v12 V13 L2 b2 EI laniad E2 
+ k2 v13s sin(00 )2 v12 V13 L2 b E12 laniad d 
- k2 v13s sin(00 
)2 v12 V13 d E2 
2e (-laniad L2) b 
- k2 v13s sin(00 
)2 v12 V13 d2 E2 e 
(-laniail L2) 
EI 
- k. 2 v13s sin(00 
)2 v12 
2 V23 b2 L2 EI laniad E9 
- k2 v13s sin(00 
)2 v12 
2 V23 b L2 E12 laniad d 
- k2 v13s sin(00 
)2 V 12V23 b VI2 E2 de 
(-laniad L2) 
EI 
+ k2 v13s sin(00 )2 v12 V23 b VJ2 E2 
2de (-latnad L2) 
+ k3 v12s sin(00 )2 v13 b2 v12 L2 EI laniad E2 
+ k3 v12s sin(00 )2 v13 b v12 L2 E12 lainad d 
+ k3 vl. 2s sin(00 )2 v13 b VI2 E2 de 
(-laniad L2) 
EI 
- k3 v12s sirl(00 
)2 v13 b VJ2 E2 
2de (-lamad L2) 
+ k3 v13s COS(00 )2 v12 V13 L2 b2 EI laniad E2 
+ k3 v13s COS(O0)2 v12 V13 L2 b E12 laniad d 
- k3 v13s COS( 
00 )2 v1,2 VI 3d E2 
2e (-laniad L2) b 
- k3 v13s COS(oo 
)2 v12 V13 d2 E2 e 
(-laniad L2) 
EI 
- k3 v13s COS(00 
)2 v12 
2 V23 b2 L2 EI lamad E2 
- k3 v13s COS(00 
)2 v12 
2 V23 b L2 E12 laniad d 
- k3 v13s COS( 
00 )2 v12 V23 b VI2 E2 de 
(-lamad L2) 
EI 
+ k3 v13s COS( 
00 )2 v12 V23 b VJ2 E2 
2de (-laniad L2) 
kl v12 v13 L2 b2 EI lamad E2 - kl v12 v13 L2 b 
E12 laniad d 
kl v12 v13 d2 E2 EI + k3 v13s COS( 
00 )2 v12 V13 d2 E2 EI 
+ k3 v13s COS( 00 )2 v12 V23 b VI. 2 E2 d EI 
- k3 v13s COS( 
00 )2 v12 V23 b VI2 E22 d- k2 v12s COS(00 
)2 v13 b VJ2 E2 d EI 
+ k2 v1,2s COS(O0)2 v13 b VI2 E2 
2d+ k2 v13s sin(00 )2 v12 VJ3 d E2 
2b 
+ k2 v13s sin(00 
)2 v12 V13 d2 E2 Ei + k2 v13s sin(00 
)2 v12 V23 b VI2 E2 d EI 
- k2 v13s sin(00 
)2 v12 V23 b VI2 E2 
2d- kl v12 v13 dE2 
2b 
- k3 v12s sin(00 
)2 v13 b V12 E2 d EI + k3 v12s sin(00 )2 v13 b V12 E2 
2d 
+ k3 v13s COS(oo 
)2 vl-? VJ3 dE2 
2 b) stress (b + d)I(b v13 lamad Ei (b EI +d E2) 
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(b E2 +d El ) v12))1Ianiad_qptics -2 7r 
0 stress (b + d) LO 
bEl +dE2 
+ k2 - 
Y, 12s stress (b + d) COS( 
00 )2 
- 
03s stress (b + d) sin(OO )2 LO 
b El + dE2 b El +d E-1 
v]2s stress (b + d) sin(OO )2 v]3s stress (b + d) COS( 00 )2 + k3 
(_ 
bEl +dE2 b El + dE2 .) 
LO)l 
laniad optics 
V129 V13 and V23 are Poisson's ratio of a unidirectional laminate; v12 are v13 are 
effective Poisson's ratio of the 0 ply in a cross-ply laminate; vl2s and vl3s are Poisson's ratio seen by the optical core in optical axis. 
>b : =1.0; r 
1.0 
>d : =0.5; 
>v12 : =0.176; 
>v13 : =0.273; 
>vl2s : =0.162; 
>vl3s : =0.167; 
>V12 : =0.326; 
>V13 : =0.326; 
>V23 : =0.303; 
>kl : =-0.055; 
>k2 : =-. 204; 
>k3 : =-. 225; 
d: = 0.5 
v12 :=0.176 
v]3 :=0.273 
v12s :=0.162 
v13s :=0.167 
V12 := CF. 326 
V13 :=0.326 
V23 :=0.303 
kl := -0.055 
k2 := -0.204 
-0.225 
>jaina(ý_optics : =0.000633; 
lainad_optics :=0.000633 
>larnad : =2.495; 
i lainad: = 2.495 
,., tress : =9.56*10^3/61.74/lOA(-6); 
stress :=0.1548428895 109 
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>El : =39*10^9; 
>E2 : =11*10^9; 
EI := 39000000000 
E2 :=I 1000000000 
S iMpl i fy (%) ; 
11000000000 
Assuming that the crack occurs at the middle of the coupon: 
>LO : =100; 
LO: = 100 
>Ll : =50; 
Ll := 50 
>L2 : =50; 
L2 := 50 
>simplify(phasechange); 
0.01381491312 7Z COS( 00 )2 _ 0.1886457820 n 
Varification of the model: 
>thetaO : =O; 
1 
00 :=0 
>eval(phasechange); 
-0.17483088 n 
>thetaO : =3.1415926/2; 
00 :=1.570796300 
eval (pliasýachangt-) 
-0.18864580 Tu 
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